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In this thesis, the behaviour of brick masonry walls 
on reinforced concrete beams under vertical loads is studied 
experimentally and slmula,ted in the computer using finite 
element techniques of analysis. Elastic, post -cracking and 
failure stages are covered. Openings are included. It is reco- 
gnised that brickwork has orthotropic properties to start with, 
becomes anisotropic after cracking and introduces nonhomogeneity 

at post-cracking stages under progressive increase in loading. 
The brick walls with or without openings, interacting with re- 
inforced concrete beams are essentially plane stress problems 
in nonhomogeneous media, especially after cracking, local 
con^iression failures and yielding of reinforcement in the beams. 
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Effects of nonhomogeneity on stresses and deformations have - ■ 
not yet "been adequately understood and thus special attention 
is given in this thesis to nonhomogeneity in developing 
analytical models* 

Eirst, modern advances in the theory of composite 
materials are correlated with finite element predictions of 
elastic constants for concrete which is dealt with as a ran- 
dom, nonhomo geneous two-phase media consisting of aggregates 
embedded in a matrix of mortar. Moving from concrete, who-se 
behaviour has been better understood, brickwork is simulated 
as inclusions of hard materials in a soft matrix, using finite 
element methods. The elastic constants obtained from these 
studies are introduced in the finite element analysis of walls 
on beams at the structural level (macro-level). 

As analytical simulations need realistic data, extensive 
test programmes which have been undertaken are reported. The 
strength of bricks, mortar anc^ricl^cy/ork have been studied in 
the laboratory and particular attention has been paid to 
statistical variations. The strength and behaviour of brick- 
walls on reinforced beams under tensile and compressive load- 
ing have been investigated. Height-span ratios, size and 
location of openings and mortar strength have been varied. 
Besides deflections and strains, progressive cracking, local 
compression failures and collapse loads have been recorded. 



X 


At the structural level also, the load-response 
characteristics of v/alls on "beams have been simulated, A 
finite element programme has "been developed to incorporate 
automatic generation of nodal coordinates and connections 
and random assignment of "brickwork properties. Openings and 
reinforcement in the supporting beams have been included, 

Pull interaction (no bond-slip) between brickwork and concrete 
beam is assumed, which is justified by experimental obser- 
vations, Progressive cracking, local compression failures 
and yielding of steel have been traced. The stiffness of 
critical eXements have been modified and incremental-iterative 
methods have been used to obtain load-response curves upto 
failure. Certain parameters have been identified as charac- 
terising the behaviour of brickwork and walls on beams and 
these are used for formulation of simple design rules. 

Prom the above simulation studies, and laboratory tests 
the following observations have been made? 

1, Computer simulation studies predict the elastic 
constants more realistically than the hypothetical models of 
composite materials. 

2, The perturbation stresses due to local non- 
homogeneity are not secondary in magnitude and micro- cracking 
and vertical splitting of compression specimens may be attri- 
buted to these stresses. 
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3. Experiments show that the strength of brick- 
work is a fraction of the strength of the constituents due 
to the development of critical interaction stresses.- 

4. Oon^uter simulation studies have shown that 

the parameter Ei^ is an important parameter, which 

can be controlled to prevent cracking at service loads. 

5. Experiments have shown that there is a safety 
reserve of 200 to 500 percent due to structural interaction 
provided there are no eccentric openings and the leading is 
through the top of the wall, 

6. Based on critical compressive stresses in the 
supporting beams, computer simulation studies have shown a 
safety reserve of 200 to 400 percent. 

7. Ihe load-response characteristics obtained from 
computer simulation and laboratory tests agree quite well 

in the elastic range. Progressive cracking and local compre- 
ssion failures traced throu^ computer simulation reflect 
the laboratory test results. Hov;ever, the deformations in the 
post-cracking range are found to be lower than those obtained 
in the tests. 

In conclusion it is felt that computer simulation of 
a few laboratory tests can be used for extensive parameter 
studies and development of design charts. 
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IRgRODUGTIOR 

Experiiaental and computational advances made in the 
past two decades have enabled structural engineers , to design 
more rationally and economically, than ever before. While 
these developments have been systenatica.lly absorbed in the 
design of steel aaid concrete structures, the brickwork as a 
construction material and the masonry wall as a structural 
coii 5 )onent are yet to benefit fiom these advances. Brickwork 
as a material preceded steel and concrete by a, thousand years . 
and there is more brick construction in India, than that of 
steel and concrete. Behaviour of brick walls interacting with 
simply supported reinforced concrete beams has been chosen as 
the subject of study for this thesis, 

1 • 1 , Genera.l 

GoEpaxed with steel,, the behaviour of which has been 
extensively studied in the past sixty years, brick-work is 
essentially orthotropic in nature before cracking and becomes 
non-homo genoous and anisotropic after cra.clcing or local crushing 
and these aspects must be explicitly considered, She constitu- 
tive laws a,na failure theories for brickwork have not been . 
given adequate attention. At the structural level the nature 
and magnitude of interaction between brick panels and their 
supporting beams or surrounding frames deserve attention. 
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Tlie safety factors associated with briclw/ork are in. the 
order of six to twelve coiapared with values of two to four 
assigned to concrete. 

It is now genera-lly accepted that overloads, under 
strength of materials and u3fk:nowns in analysis and design 
contribute to the safety reserves assigned to a structural 
component, (brerloo,ds and under-strengths a,re subjects for 
statistical analysis requiring large amount of data and are ' 
not explicitly considered in this thesis. On the other hand 
unknowns in analysis and design are of direct importance to 
this study. These unknowns manifest themselves in the form of 
idealisations, assu'mptions and approximations which deserve 
detailed enumerafion and critica,! re-examination in the li^t 
of modern developments in material science, continuum mechanics 
and numerica,! methods of analysis. 

Considering the idealisations used for the study of 
Walls on beams, at one exfexeme the self -weight of wafls is 
included in the analysis but its interaction with the supporting 
beams is totally disregarded. At the other extreme is the the- 
ory of elasticity solution using traditional assumptions such 
as homogeneity, isotropy and linear, elastic stress-strain 
relations. Since closed form solutions are difficult to obtain, 
finite difference approximations have been used. Even then, 
computational difficulties have forced the designer to neglect 
cracking, local compression failures and the presence of 
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openings. Since real structures do have all these features, 
the resulting safety factors are rather high. The designer 
is perhaps justified at this stage in neglecting the luiknown 
resistance of the wall altogether. 

To circumvent the above mentioned difficulties, the 
research work in concrete structures has traditionally turned 
to laboratory testing of laodels and prototypes, While labora- 
tory tests provide an overall picture of the load-response 
characteristics of simple material specimens or individual 
structural components, study of structural interaction of 
full scale buildings becomes extremely expensive and time 
consuming. Besides there is very little scope for enunciating 
the generalised principles of behaviour from isolated test 
.data, itirthermore, a battery of empirical constants appear 
on the scene restricting the scope of the designer in using 
simple design principles for the individual structural compo- 
nent and the total structure. In fact laboratory testing 
has identified more problems for future research along with 
the answers originally sought. 

More recent developments in computer simulation, parti 
oularly with the powerful finite element procedure, have 
provided a new tool for studying load-response characteris- 
tics ®f materials, structures and structural components. The 
limitations of con5)uter simulation, which are bound to exist, 
are not yet apparent at this stage of development. 
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In the present investigations the author has used 
experimental and computer siniulation techniques for the ■ 
study of materials and load-response characteristics of walls 
on beams 9 


‘S, Identification of the Problem 

At the material level the following areas of study 
were identified; 


a) Brickwork as an ortho tropic material; 

b) Elastic constants for brickwork from experi- 
ments and the theory of composite materials; 

c) The complete stress-strain curve for brickwork; 

d) Statistical variation of properties of brick, 
mortar and brickwork; 

e) Eahlure theories for brickwork and concrete; 


and f) Effect of non-homogeneity and randomness# 

At the structural level the following aspects were 
chosen for detailed study: 

a) Effect of non-homogeneity and anisotropy; 

b) Effects of height/span ratio, mortar strengths, 
size and location of openings and tensile and 
compressive loading on brick walls. 

c) Tracing of progressive cracking, von Mises 
failure in brickwork and concrete and yielding 
of steel; 
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Effects of progressive reduction in stiffness 
of the critica,! elements? 

Effect of redistribution of stresses.? 

Tracing of the load~response characteristics 
of bric-k walls' on beams from zero-load to 

failure-. 

Chapter 2 . a critical xevlev^ of the existing liter- 
ature is presented. The theory of composite materials, various 
elastic models studied hitherto and simple structural analo- 
gies suggested for the design of walls on beams are reviewed 
besides a few ultim.ate strength concepts. There is a wealth 
of laboratory test data in previous research work often 
carried out at enormous cost and these are reviewed at some 
length. The scant attention given in codes of practice to 
walls on beams is mentioned in a relatively brief review. 

Based on previous research and keeping in viev/ the 
problems identified in this chapter, the scope of the author ^s 
investigations is identified in C hapter 3 . 

Extensive developments registered in the finite ele- 
ment methods of analysis in the past five years are suitably 
modified in Chapter 4 to deal with the problem on hand, 
providing a theoretical basis for the analysis of walls on 
beams and the results obtained from the computer programme 
developed by the author are detailed. The flow chart and 


d) 

e) 

and f ) 
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the programme are e,ppended. 

The lahoratoiy investigations ca,rried out by the 
author are detailed in G hapter 5 » 

The results obtained from computer simulation and 
laboratory tests are critically analysed in Chapter 6 so 
as to result in tentative recommendations for design. In add- 
ition, areas of further research are indicated. 

In Chapter 7, after a brief summary, the conclusions 
drawn from this thesis work are recorded. 

As for the contributions that can be claimed by the 
author the following may be mentioned: 

a) The effects of non-homogeneity, anisotropy and 
randomness at material level on the behaviour of concrete 
and brickwork have been identified using finite element simu- 
lation. 

b) The randomness in briclowork is traced to mortar 
strength and brick la,ying process, by controlling which the 
large safety factors associated with brick-work could be 
reduced. These conclusions were obtained from laborat'^ry tests 
on basic brickwork. 

c) The development of a computer programme using 

the CST clement and tri-diagonalisation discussed by Ziehfcie- 
* 

wicz (B 19 ) , with automafic generation of nodal connections 
*Bracketed alpha-numerical characters indicate references. 
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and nodal coordinates, random assignment of material 
properties for tlie elemonts, introduction of reinforcement 
as linear elements, identification of local failures sucli 
as_ cracking end von-Mises failure, yielding of reinforcement,- 
modificafion of the stiffnesses of these critical elements 
and finally ohtairiing stress redistrihution using incremental- 
it er at ivc met ho d s/ analysis « 

d) I’he finite element solutions obtained truly 
reflect the behaviour of walls on beams observed in the 
labor3,tor3^, with respect to elastic deformations and local 
failures. However the post-cracking deformations V'/ere found 
to be lower than those obtained in tests. 

e) It has been shoY\/n that beneficial interaction 
betv;een walls and their supporting beams can be utilised in 
design, only when there are no eccentric openings, when the 
mortar strength is high enough to prevent local crushing 
failures sit supports and w?hen the loading is compressive in 
nature. 

f) It haa been shovm that weak mortars and direct 
leading of the reinforced concrete beam through connecting 
floors, create significant cracking in the brick panels and 
the increase in load carrying capacity beyond that of the 
supporting beam is marginal in nature. 
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GRITIGAIi REVIEW 01 EXlSIIirG LITERATURE 

2 . 1 Theoretical Studies 

Early theoretical studies ou interaction between 
briclswalls .and their supporting beans were dependent on the 
classical theory of elasticity using stress functions. This 
was followed by Kantorovich methods and lattice analogy models-. 
Simultaneously certain simplified analogies such as the beam, 
truss a.nd vierendeel girder analogies, were improvised for 
immediate use. At the material level the theory of composite 
materials showed pro.imise for prediction of equivalent elastic 
constants for composite media, which could presumably be used 
in the above analysis. These are briefly reviewed to show the 
nature of limitations that arose and how they were overcome by 
using innovative assumptions and idealisations* In this thesis 
the finite eloaent method of analysis will be used and earlier 
developments will be reviewed in Chapter 4 and the author’s nodi 
fications imposed on these developments will be traced simul- 
taneously in that cha,ptor* 

2.1*1 Theory of Composite Materia.ls 

Popovics (a 11 ) has pointed out that computing the 
properties of a composite solid material, given the elastic 
constants and volume fraction of the components, is an impor- 
tant problem. Any model is however best suited for qualitative 
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ezamination of material leliaviour. Of the various models 
proposed the lamina,ted models are of special interest to hr^ck- 
work. One of these models represents the internal structure 
where the strain is the same over any section of the conposite 
material, v/hile the stresses in the phases are proportional 
to their modulus of elasticity (Fig, 2.1). In this case, 


E = (1-g) + g Bp 


( 2 . 1 ) 


Where m, stands for matrix 


and 


p, stands for particle 

g, stands for voluraa fraction of particles. 


The other simple model for the calculation of the 
modulus of elasticity represents the internal structure where 
the stress is saone over any section of the 
while the deforma.tions are inversely proportional to the 
modulus of elasticity of the phases. In this case 


1 

“ (l-g)/lil + g/Bp 


( 2 . 2 ) 


The equations (2,l) and (2.2) represent the upper 
and lower limits respectively, hetween which the modulus of 
elasticity of any two phases solid could he found, provided 
the Poisson ratio of the two materials are the same. 
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ComToination of the above- two models represents a 
better fit between calculated and experimental values. Such 
a combination is shown in Fig, 2,2, Model I has the mathema- 
tical equivalent as follows: 



(2*3) 


vjhere A = fractional volume of composite as shown in 
J'ig. ,2.2. ■ 

Model II has the mathematical equivalent as below: 

E = A + (l-^) 



These equations are compared graphically in Eig. 2*3 
for the exo.gerated case of Ep/l^ = lOj = 1 and A =1/2. 
Similar models are ...available for the prediction of. ..'^'7 
Poisson’s ratio and more sophisticated models have been evolved 
In the words of Galoot e (A 2), ^ the state of the micrc- ; 

mechanics of composite materials is not far advanced and must 
presently be considered to have more academic interest than 
practical value”. The real difficulty lies in local micro- 
cracking, inelastic action and associated nonlinearities. 
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Recent efforts involving finite element techniques (A 5, A 6, 

A 8) and the studies made hy the author ^’■ield more rea,listic 
pictures of load-response char a.ct eristics of composite materie.lj 


2,1 t 2, Elasticity Solutions for Walls on Beams 

The enormous reserves in strength available through 
interaction hetv^een slabs and beams and walls and beams or 
surrounding frames were discussed in the classical papers of 
Wood (C 21 5 G 22). He used relaxation methods to solve the 
plane stress problem, treating the self wei^t a.s a. body force 
and loading the briclo’^all at the top. The basic biharmonic 
equation using the Airy’s stress function is as below;. 


a^cj) a^({) 

— ^ + 2 

ax^ 


+ 


a'^(j) 


ax^ ^ ' ay"^ 


= 0 


vi7herefrom 


^x 


d^p 

—r ^ 

dy^ 

2 a 


6 




yy 


ax 


+ 


'>>Y 


and 


Gt: 


xy 


a 

ax ay 


(2.5) 


( 2 . 6 ) 


where is density of brickwork and Y is body force potential 
due to gravity loads, Erom known boundary conditions the 
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value of tile stress function ({) could be set up all round the 
boundary bj?" a process of integration and the problem is then 
to determine the va.lues of (j) at internal points. This was 
achieved by means of the relaxation process of Southwell, 
using a fine mesh and working numerically in terms of the 
finite difference approximation to equation (2.5). It should 
be recorded that Wood (C 21) solved only plain brickwalls 
v/ithout their supporting beams. 

Rosenhaupt (C I 4 ) extended this approach to include 
the bottom beam and derived complicated interaction equations 
between the wall and beam. Besides the bi-harmonic equation 
for the y/all, he used the familiar differentia,! equation 
for the flexure of the beam, 

a^T 

% = Eb R (2.U 

dx 

Additional information needed to knov'7 the stresses 
in the composite structure are the boundary conditions 
between its components. These conditions shall be expressed 
in a form containing the Airy’s stress function (]) of the 
?>/all, so th8,t only one redundant^ at every interior or bounda- 
ry point is unknovm. The Poisson’s ratio was assumed to be 
zero and self-wei^t was neglected. After describing in 
detail the effect of various wall materials 8,nd also the 
state of stress at severe,! cross sections the follov^ing 
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conclusions were reached s 

1) The shear stresses at the beam v/all boundary 
induce the composite action of the wall structure. The tensile 
stresses concentrate in the foundation bean and the compre- 
ssive stresses are distributed over the v/holc height of masonry, 

2) At the supports high vertical stresses ■ cone entrant e* 

3) The vertical shecur stresses arc taken by the 
masonry part of the wall. The horizonta,! shear stresses betweei. 
foundation beam and ma.sonry concentrate near the supports, 

4) The weakness inherent in the above analysis is that 
only shear forces are assumed to be transmitted at the beam 
wall interface. Besides, openings were not considered. 

Ooull (05) used a Kantorovich type of approach. The 
stresses' in the walls were expressed as a power series in the 
horizonta,! direction, the coefficients being functions of 
hei^t only, ilfter satisfj'ing’ the eq^ui librium e.nd boundaiy 
conditions for both w3.ll a,nd beam, the remaining coefficients 
were determined from the minimization of the strain-energy 
of the system. The problem reduces to a fourth order differ- 
ential equation subject to given boundary conditions, the 
influence of supporting beam appearing only in the latter. 

The 3.nalysis was simplified by dividing the applied load to 
symmetrical and anti symmetrical components. Gravitational 
loads V'lere included in the analysis. In the present analysis 
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povi/er series was used and the problem v/as essentially solved 
by one dimensional treatment. The results of this analysis 
compare favourcC.bly with that of Rosenhoupt (G I4) but signi- 
ficant differences in vertical stress transfer were noticed. 

The next important development Wccn due to Golbourne 
(C 4). The wall and beam are represented by a lattice analogy^ 
in which it is snsimed th.at the system remains elantic* 
Equilibrium equa,tions ¥/ere derived for the analogy, and were 
the same an obtained from finite difference equations at 
interior points of the wa.ll. The analogy is then used to derive 
equilibrium equations for points affected by the beam and near 
the edge of the wall. The resulting equations were solved to 
obtain displacements from v/hich stresses and stress resultants 
could be obtained. The Poisson's ratio wan assumed to' be zero. 

It is clearly seen that these classical methods become 
highly complicated leaving no hopes for traning of cracking, 
compression failures etc,, and the introduction of openings. 
Even the Poisson^s ratio is conveniently neglected to render 
the problem tractable, permitting little scope for the intro- 
duction of non-homogeneity and anisotropy. 

But for the tremendous strides ma.de in recent years 
in the finite element procedure the scope of this thesis 
would have become ralher limited, as indicated above. 
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2,1,3. Siniplixicd Anal ogl es 

The term analogy is used herein with a restricted 
scope. When a plane stress problem is trea,ted as epuivalent 
beam, truss or vierendeel girder it may be said that structural 
analogues have been used. While these analogies a.re certainly 
helpful to the designer, their scope of application is hi^ly 
restricted and may inadvertently lead the designer to slip 
into da.ngerous errors. 

The first simplification for the complicated stress 
state in a 'wall on beam' wa.s suggested by Wood (O 21), Based 
on the observation that most of the compressive load was 
transferred to the supports throu^ arch a.ction, he suggested 
that the beams be designed for a reduced bending moment of 
WIj/ 50 to WL/100 depending on the position of openings as 
against the customary Wl/8. An equivalent moment arm of 2/3 
depth subject to a maximum of 0.7 times the span was e,lso 
suggested to apportion steel reinforcement. The limiting 
moment arm method was restricted to walls v;ithout openings. 

Bor smaller depths the beneficial arch action may be absent, 
Rosenhaupt (C 14) has also suggested the equivalent moment arm 
method using 0.6 tines the height of wall, 

Rosenhaupt and Mueller (O 16) have suggested truss 
analogies to deal with openings in walls on beams, which are 
sketched in Fig. 2.4. These analogies are more useful at the 
post cracking stages than as a measure of stress distribution 
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at the elastic stage, IThe truss analogy was supplemented 
ly the vierendeel girder analogy by Ro s erliaupt , Beresford 
and BloJcey (C 15) and Rosehhaupt and SokaB (O 17) in dealing 
with prestressed walls on beams and continuous boam-wall 
systems with openings. 

Carter and Smith (O 3) have suggested an ecLuivalent 
strut concept in multistorej^ed frajnes (Big. 2.4) and a method 
of computing the diagonal stiffness of each panel after esta- 
blishing the lengths of contant bc-tvi/cen masonry vmll and 
frame is given, supplemented by the concept of equivalent 
effective widths of compression struts as in the case of the 
familiar effective width of T-beams, 

The above analogies have a distinct role to play at 
the designer's desk. These analogies are the intermediate 
tools which he uses for progressing in his design, while he 
is waiting for more accurate methods of analysis or design 
charts to develop. As in the cei,so of T-beams, these concepts, 
once generated, have a tendency to persist for ever by their 
very simplicity and familiarity. Even when more accurate 
methods of analysis emerge, the code generating bodies have a 
tendency to modify bhe associated empirical formulae, rather 
than suggest the use of realistic methods of analysis. The 
penalty for simplicity is usually paid in the form of increase! 
safety factors. 
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2 « 1 , 4 . Failure Prediction of Walls on Beans 

lliereas one can quote literally a thousa.nd references 
for ultimate strength, in shear, lending, torsion of heaias, 
ultimate strengths of columns and ultimate strength of con- 
crete slabs, the ultimaf e strength of walls on heanis seems 
to he a neglected a,reo. of resesxch. 

Prasada Rao and Mallick (O 12) discuss several simple 
methods of coraputing the ultimate strength of. walls on beams, 
without openings. 

The simplest approach is to use an equivalent lever 
arm of 0.75 to 0,85 tines the depth and multiply the same 
by the anca. of reinforcement and yield strength of steel to 
obtain the ultimate moment. This approach is valid for tension 
failures only. Alternatively the familiar Whitney *s theory 
could be used. 

Walls on beams failing in shear hr?ve a crack pattern 
at ultimate loads as sho’wn in Fig. 2.5. Neglecting the effect 
of the snail amounts of tensile reinforcement in the supporting 
beams, the parameters chosen arc the cohesion ^c* of the 
concrete and its angle of internal friction (]), The ultimate 
loa.d carrying capa,city is then given by 

2 F^ 


cos p (tan p + tan ) 


( 2 . 8 ) 
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where is the cohesive force along the inclined plane. 
Assuming that the failure of concrete under combined stresses 
could be expressed by Mohr's theory of failure, the values 
of (j) and c are given by the equations 

f 'c - f't /'f'c.f 't 

tan (|) = --r-r L-r ' t — rr and c = " (2.9) 

2/f'c.f't 2 

and p is a,s shown in Fig. 2.5. 

Fiiis approach wa.s originally used . in concrete deep 
beiws which w-as extended by Pra.sada Rao and Mallick as shown 
below. The transformed section would be as shown in Fig, 2,5* c 
in which m is the ratio of elastic moduli of concrete and 
brick masonry. For this modified section it can be easily 
shown' tha,t 

c b D-d>| 

y = - ■ L_ + d 

sin p m 

Substituting in equation (2,8), vve find that 

D-dn 

2 c b I + d. I 

1 = ( 2 . 11 ) 

sin p. cos p (tan.p + tan 

The above method is applicable to two point loading 
of beams of depth/span ratio of 2/3 or more. The presence of 
openings etc,, con 5 )licates the formulation of a general 
theory of failure and the ultimate capacity of w;alls on beams 


( 2 . 10 ) 
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caimot be deemed to ha.ve been satisfactorily solved, 

2,2, Experi ment al Inv e s t i gat io ns 

There are four avenues spen to a structura.1 engineer 
to obtain Icnowledge on the behaviour of structural components 
under loads. At one extreme is a closed form solution in 
mathematice.l symbols, which could then be used irreepective 
of the actual n'ornerical values of geometry and loads on the 
physica,! sj^stem. This is ideally the best solution but the 
mathematics soon becomes intractable for rea,l life systems 
with their infinite varia,tions. At the other extreme is. the 
prototype and model tests in the laboratoiy, which are gene- 
rally costly and time-consuming with little lee-way for extra- 
polation. How/ever, an overall picture of the behaviour is 
best obtained throu^i this process, when nothing else is ava- 
ilable to start with. In between are the mathematical and 
physical analogues and simulation studies. In the earlier 
pages previous work on the mathenaticaA modelling and physical 
analogues v/ere reviewed. The experimental investigations on 
briclo.vork end w’alls on beans by earlier investiga^tors are 
briefly reviewed in the following pages. 

2,2.1. Studies on Brickwork 

It is generally agreed that compression, modulus of 
rupture and absorption tests on bricks are adequate to 
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quantify the teha.viour of tricks. However, the same nay not ■ 
he said about the basic tests on mortar. There is no agree- 
ment among the codes of various countries on the size and ■ 
nature of mortar specimens for tension, compression and bond 
tests, itirthernore, there is very little standardisation or 
info mat ion on the elastic constants E and }y^for bricks and 
mortar. Most research workers have obtained the constitutive 
laws and strengths of brickwork from arbitrary tests of. their 
ovm. Those are reviewed herein. Eorty yea^rs back it was found 
tha.t the hei^t/thickness ratio of compression specimens of 
brickv'/ork is important. In order to obtain data on the effect 
of varying the strengths of brick and mortar very large number 
of tests have been conducted in Building Research Station, 
England (A 14) on brickwork piers, 9 in. square and 36 in. 
hei^t. Some of the results obtained are shown in Fig. 2*6«, . 

The strengths have been plotted as proportions of the strength 
corresponding to a mortar of 2000 psi compressive strength* 

The relationships sho?/n for three strengths of bricks are of 
interest in indicating that the effect of increasing the mortai 
strength, in terms of the resulting briclwork, is not propor- 
tional. 

The Structural Clay Products Institute (SOPI) (C 20), 
has recommended, thaf bricta^vork prism tests be conducted on 
specimens not less than 12 inches in hei^t and shall have a , 
hei^t /thickness ratio of not less than 2 and not more than 5. 
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Hilsdorf (a 4) did an interesting sty.dy to analyse 
the failure mechanism of masonry piers. From the observation 
of brick failure node, it wan concluded that failure of maso- 
nry in compression is initiated by vertica.1 cracking or spli- 
tting of the bricks, llie tests 'were made on five layers of 
bricks. IJumcrous strain meanurements at the surface of severar 
bricks were made. Differences in lateral strains of mortars 
and bricks resulted in triazia,! compression in mortar and 
biaxial tension in bricks. Dlexurevl stresses were aJ.so observe^, 
in the above tests (fig. 2.7). Ihe resulting triaxial stress 
state in the mortar end bricks were analysed theoretically ano. 
a faalurc criterion was proposed. However, the failure pre- 
dictions were not quite s3,tisfactory. One observation that 
this triaxial state of compression, that a ma.sonry mortar 
exhibits, is the main reason for the compressive strength of 
brickwork exceeding that of the mortar, is of interest. Later 
on it v/ill be shown that finite element simulation of brick- 
work brings out all these results and some more, in a, simple 
and elegant manner. 

The Structural Clay Products Institute (C 20) recom- 
mends th8,t E for brickvork be taken as 1000 f^m where f’m is 
the 28 day compressive strength of brick prisms of h/t ratio 
of 5» fbo shear modulus is predieted to be 400 f %, These 
values ane used in the brickwork simulation studies of +h- a 



22 


thesis* Ho\vever, no nention is made of the Poisson's ra,tio 
and most research workers have assumed this to he zero, 

Benjamin and Williams’ (0 1) report an interesting 
hrick couplet test where the mortar joints can he given 
orientations of 0, 45, 60, 75, 90 , 105, 120,. 135 and 150 
degrees from a reference plane. In. the latter half of the 
tests the load is compressive and othem?ise tensile, The 
prediction of shear strength is reported to he reliable , 

Smith and Gaiter (A 12) question the assumption that 
the shear strength he expressed as a comhination of bond 
strength and internal friction between hrick and mortar, 
usually expressed in the form 

where f' = ultimate shear strength of brickwork 
s 

f^g = bond shea.r strength hetv;een mortar and brick 

f^ = normal compressive stress 
and = coefficient of friction* 

Through a finite element simulation study followed 
by experimental investigations, they suggest that the obser- 
ved shear failure is mixed up with local tension failures 
in mortar. This is of interest in identifying failures. 
Mention nay be made of the diametral tests oh brickwork cyli 
ndrical specimens and the appreciating stress-strain curve 
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(increc.siiig tangent modulus) recorded "by some investigators 
on brickwork, 

2,2,2, 1 e st s 0 n W all s o n B earns 

Experimental invostiga.t ions on walls on beans gained 
moment un from the tests of Yfood (C 21). Tests on 9 in, brick- 
walls without supporting beans showed that even these unsu- 
pported walls can resist large vertical loa,ds, Yfhen R, C, beans 
were used with brick and c.a,vity walls, tension concentration 
in the supporting bean was noticed. Cavity walls with door 
and window openings were also tested, Yfood wacrned however 
that this deep girder action did not apply to loading at bean 
level unless tensile connectors could be placed between wall 
and bean. He suggested that some light reinforcement na.y be 
necessary in the walls to take care of shrinkage and also con- 
tinuity in the case of continuous walls ,• Ultimate loads could 
not be reached in these tests. 

Improving over the scope of tests envi sagged by Wood, 
RosenhOvUpt and his associates (O 13, 014, 0 15, 0 16, G 17) 
have studied the behaviour of continuous wall— beams, effects 
of various types of openings with and v/ithout stiffening con- 
crete frames surrounding the openings and the effect of pre- 
stressing the brickwork, besides the effects of foundation 
settlement, There is a wealth of information recorded from 
these costly tests which ano best read in the original. Such 
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of these findings which influenced the developnent of this 
thesis work are sumiarlsed herein. Reinf orcenent in the ^pp- 
orting heams was found to have secondary effect, except when 
flexural fa,ilure modes controlled as in the case of shallow 
walls or strong brickwork. On the other hand shear, bond and 
vertical coripressive stresses in deep walls had a controlling' 
influence. Inclusion of horizontal and vertica,! concrete ties 
in the beaiii-wa.ll system had significant effect on the internal 

stress distribution. The introduction of openings created a 
truss action in the masonry and a vierendeel girder action at 
the openings. The openings definitely weakened the structure 
but the strength could be compensated by prestressing or the 
introduction of vertical concrete ties, "While testing conti- 
nuous coE^osite walls it was found that positive moments existed 
even over the middle supports. The reaction distribution was 
found to be of great importance. The failure modes peculiar to' 
such walls and beams are the crushing of masonry over the 
supports and effects of shear in the masoniy diaphragm* 

The next important series of tests were by Burhouse 
(O 2) Vt?herein reinforced concrete beans and encased joiats. . 
were used for the supporting beam. Previous investigators had. 
found the separation of the foundation bean and the briciwall 
at the mid span in the case of simply supported walls on beams# 
Burhouse introduced a building-paper ^oint in this region even 
when preparing the test beams* Crushing of brickwork. was 
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identified to be tbe predoninant node of failure and strong 
briclcwork is advocated if the beneficial a,rching a.ction in ' 
Walls on beans is to be fully utilised. It was also found that, 
composite action in wa,lls on beans will not take pla.ce without 
the transfer of shear stress across the interface between the 
components, nor without transfer of shear stress across the 
mortar joints betv/een courses of brickwork. Encased joists 
pick up more moment than reinforced concrete supporting beams* 
In shallow beans the progressive slipping of the wall on bean 
Was significant, showing the need for adequate connection 
between the walls and the bean. It is interesting to note that 
Wood had advoca.ted the use of tensile connectors between the 
brickWalls and their supporting beams (C 21), 

Pra.sada Rao and Mallick (G 12) conducted tests on. 

Walls on beans paying particular attention to their ultimate 
strengths and associated theoretical modelling has already 
been reviewed,. Large number of stra.in measurements in the 
vertica.1 e.nd horizontal directions yielded interesting informa- 
tion on the strain distribution in such walls on beams. 

2,2,3* Studies on Infilled Frames 

Even thou^ infilled frames, shear walls and planar 
frame-wall systems are beyond the scope of this thesis, lateral 
loading on walls on beams will have to be considered at some 
stage and such of those investigations which have reference to 
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brick infills ccre briefly reviewed to coriplete ttie picture 
of structural interaction betv/een walls and thoir supporting 
beams or surrounding frames. Hinkley (C 7) reports on tbe 
behaviour of prestressed bricl-cwork supported by steel beams 
and subjected to la,teral loa.ding. The rigidity of the wall 
and the load shared 13 / the v;all v;ere considered. The work of 
Thomas (A 14) in testing infilled francs with la,tcra.l loading 
using a specially built testing franc must be mentioned, lack 
of homogeneity and isotropj?' in a brick infill complicated the 
study. The stiffness of the structure changed as the load 
increased. Tensile cracking of the infill led to marked redis- 
tributions in interface stresses, almost invariably moving 
the centres of pressures a,v/ay from the corners* Indeed in many 
cases the concept of a single diagonal eq.uivo.lent strut ceases 
to be valid after cracking of the infill. A major contribution 
to the composite stiffness and strengths v\?ill be through imposed 
nodes of deformation of the surrounding frame, Mainstone (C 8 ) 
continued the experiments concentrating his attention on the 
bounding frame. Benjamin and Williams (01) tested briekwalls 
T\?ith a,nd without bounding frames and concentrated on the loa- 
lateral deflection at the top in the elastic, inelastic and 
post-ultimate stages. Predictions based on average shearing 
strength a.nd average shearing modulus were proposed. Without 
bounding frames the plain brickwaill could not be relied upon 
to resist shearing loads. The errors caused by scale modelling 
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cid opted in the tests were not significant, MeiLlick a.nd 
Savem (B 11 ) used the finite elenent method to predict the 
points separation between frame and infill. Slip between 
frame and infill v/ere also considered. The computed and obser- 
ved stiffness values ha.d close agreement. Earthquake forces 
were also dealt with. 

The most thorough experimenta.! investigations on 
plane f rones with infill including multistorey and multibay 
frames has been reported by Piorato, Sozen and Gomblc (C 6), 
One eighth sccule models were used, Iho resistance mechanism 
and failure nodes were studied in multi-bay, multi-storeyed 
frame-wall composites and related to geometric and material 
properties. It y^a.s observed that the interaction of the frane- 
v/all results in a response which is significantly different 
from that of the frame acting alone. The frano-wall composite 
is considerably stiff er ejirl stronger then the sum of the indi- 
vidual responses of the fraxio and wall. By ignoring the inter- 
action of the frame and v/all in design, a significant portion 
of the strength of the system is V'/asted. Wha.t is more impor- 

t 

tant however is that the critical-points in the fraxie-wall 
composite are not the same as in the frame. Thus certain 
critics,! sections may be inadvertently neglected in the design 
of reak-life frame-wall sj^stens. Oakleston (0 10) conducted 
prototype tests on an actual building and had indicated the 
trends reported above as early as 1955* The load-response 
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characteristics of the three storeyed, single hay frame 
v/ith and. without hrick infill is reproduced in Pig. 2.8, 
vi/hich speeJcs volumes on the nature and magnitudes of inter- 
action neglected hy designers. Further investigations of 
interest rj?'e those of Murthy and Hendry (0 9) and Sahlin 
and Hollers (C 18) which are however concerned ¥;ith load 
bearing walls. 

It is hovi?ever noticed tha,t reinforced brickwork, which 
is a lo.gical followe;r of reinforced concrete has not been given 
adequate attention in the above studies. Simpl.e reinforced 
brickwork beams and slabs have been given some attention, 
and the work done by Sridhar Rao and Parghi (0 11) is of 
significant interest for Indian engineers, especially in 
■Gangetic Plains. 

2.2.4 She ar Oomectors in Walls o n Beams 

loads coming directly on the supporting beams through 
the floors impose a tensile stress field in walls on beams, 
which may result in separation between v/alls and their supp- 
orting beams and it has been suggested that tensile connectors 
should be used (O 21). An interesting investigation by Ramesh 
et.al. (C 24) has shown that tensile connectors in the form 
of stirrups are helpful in increasing the load-carrying capa- 
city of vvalls on beams, provided they are spaced closer 
towards supports and they have adequate bond length in the 
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ma;ximuin moment regions. However horizontal cracking between 
the wall aaid beam could not be prevented, even thou^ the 
widening of such cracks could be successf 'ally arrested. 
Furthermore the saving in steel affected through such incom- 
plete interaction has been found to be in the order of 20 per- 
cent. Ihus tensile loadings on walls on beams are found to 
be critical. In the prototype structural frame, the self 
wei^t of the ?/all is compressive in naxure and a portion of 
load from top floor gets transmitted to the top of the wall 
as compressive load, Ihe load transmitted from the floor dir- 
ectly to the supporting beam must be dealt w?ith separately, 
as interaction betv/een brick walls and their supporting beams 
are rather incomplete even with tensile connectors, 

2 • 5 Review of Codes of Practice 

It must be said first that there are no codes of pra- 
ctice which deal specifically with the problem of walls on 
beams or frame-wall composites. Gross and Dikloers (0 19) 
ha,ve drawn a comparison of the allowable stresses am given, in 
various int ez'national codes on load bearing briclcwork. In 
Table 2.1, average compressive stresses for load-bearing non- 
reinforced briclrA/alls are listed. These were computed for 
bricks having compressive strengths of 6000 psi and IPc ; 

1/2 L : 4^ S mortar and are based on basic compressive 
strengths given in various codes and associated reduction 
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factors for eccentricity and slenderness rcotio. A critical 
exanination of the tahifLated values indicate that there is 
very little agreenent between the experts ofthe v/orld in 
interpreting the behaviour of eccentrically loaded brickwork, 
which is nuch sinpler than walls on beaios. Wood and Sinns 
(G 23) have suggested a tentative design nethod for fCor^josite 
Action of Heavily loaded Brick Panel ?!^a,lls ’ , v\;hich indicates 
a possible trend for design. 
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CSAPTER III 


OB JEGI iro SCOPE O F PRESENT IRYESTIGAIION 

The tremendous strides made in the past two decades 
in the field of structural analysis and design has enabled 
engineers to progress from the study of individual struc- 
tural coB5)onents to the study of structural interaction bet- 
ween vaxious members in composite construction. That there 
is considerable reserve in strength in the case of brick- 
walls interacting w-ith their supprNrting beams has been estab- 
lished in several experimental studies undertaken in various 
parts of the v/orld. Attempts to place the problem of walls 
on beams -on a rational theoretical foundation has met with 
limited success, mainly due to assumptions of homogeneity 
and isotropy at the material level and difficulties met ■■'With 
in analysing plane stress problems in non-homo gen eous media 
with various sizes and location of openings, Eurthermore 
only the elastic, crack- free stage has been given attention, 
v^hile the crack-limited state and the p#st-cracking behaviour 
of walls on beams are of significant interest. Even the ulti- 
mate strength of walls on beams has not been satisfactorily 

-onnrnnt prl. due to the uncorrelated manner in which test 

programmes ha^re been initiated by various investigators. 

At the material level the strength of .the constituent 
materials have been reported in detail, whereas the elastic 



41 


constants E and ^ have "been given scant attention. At the 
structural level, the hei^t-span ratios, size and location 
of openings, mortar strength, type of brickwork, cavity walls, 
amount of reinforcement in the supporting beams, effects of 
prestressing on the sides of openings, effects of settlement 
in continuous walls on beams, effects of lateral 8.nd vertical 
loads, effects of loads on top of the wall and effects of loads 
directly transmitted to the supporting beam and the influence 
of tensile connectors bet’ween walls and their supporting 
beams have all been studied througji elaborate experiments and 
yet comprehensive design recommendations have not emerged from 
these studies. It is the author’s contention that material 
and structural parameters of v/alls on beams have not been sati- 
sfactorily established mainly due to poor attention given to 
theoretical studies. 

At the material level, brickwork is obviously •rtho- 
tropic to start with and becomes anisotropic due to cracking 
and local compression failures under biaxial stress states. 
These local failures, under progressive loading, introduce 
zones of nonhomogeneity besides the obvious nonhomogeneity 
of openings in walls and the brickwall interacting with the 
reinforced- concrete beam. E^/en yielding of steel reinforce- 
ment introduces nonhomogeneity in local zones. Thus anisotropy 
should have been giuen basic attention and nonhomogeneity 
should have been considered at various levels,- It has been 
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shoTin that anisotropy can be dealt with on the basis of 
axes of symmetry or planes of symmetry, wherein the essential 
elastic constants increase iirt four in number, as against the 
basic constants E and V^for plane stress problems in isotropic 
media. Adequate test programmes should have been undertaken 
to evaluate these constants for the wide variety of bricks 
and mortars used all over the world. It has been shown ear- 
lier that vertical splitting of brick masonry under uniaxial, 
uniform, compressive loading has not been explained satis- 
factorily. Moi-eover the strength of briclavork has not been 
correlated with the strengths of bricks and mortar used 
therein, Neither has there been a satisfactor3r fadlure theory 
for briclcwork under biaxial states of stress. It is thus 
evident that the behaviour of brickwork itself is rather 
complete a,iid requires studies at a rather fundamental level# 

As for nonliomogeneity , at various stages of loading, 
ojp- walls on beams it is clear that the use of conventional 
theory of elasticity results in undue mathematical complica,- 
tions, whereas the relativel;,^ modern finite element methods 
of analysis could tackle the problem in a rather simple and 
elegant manner. Since the region under study is divided into 
subdoma.ins and the stiffness of individual domains are eva- 
luated separately, it is obvious that nonhomogeneity at 
structural level could be introduced by assigning appropriate 
elastic constants of either isotropic or anisotropic nature to 
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various elements before and after they become critical* 
furthermore, random numbers could be generated and random 
sets of material properties obtained from laboratory tests 
(E.^ j j E2J 2 ^ 12 ^ could be introduced for purposes 

of probabilistic methods of analysis. 

Moreover the very same finite element methods of ana- 
lysis can be used at micro -mechanical level to evaluate the 
elastic constants and stress-strain curves for composite 
materials such as concrete and hriclof/ork. These studies may 
form the basis for obtaining realistic stresses and deforma- 
tions in nonhomo geneous media and for the evaluation of the 
nature and magnitude of interaction stresses in such media* 

Besides the initial crack-free elastic state and 
the final collapse state the intermediate inelastic transi- 
tion region in the load-response spectrum, deserves special 
attention since modern designs are based on stress, deforma- 
tion, cracking and/or collapse limited states. Thus it becomes 
necessary to" simulate the idiosyncracies peculie^r to walls 
on beams, such as local cracking, bond-slip, local compression 

failures, yielding of reinforcement in the supporting beams 
in the process of analysing the load-deformation characteri- 
stics of Walls on beajms. Once a satisfactor5i" correla,tion is 
obtained between computer simulation studies and a few labora- 
tory tests, extensive simulation studies could be undertaken 
for further parameter studies*. The necessary background for 
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such, simulation s'budies have already been established in the 

§ 

case of concrete deep girders by earlier research workers. 

Once the basic material parameters for brickwork are identi- 
fied, the above process can be repeated for bricto/valls inter- 
acting with reinforced concrete beams. 

This behavioLiristic approach coupled with the genera- 
tion of theoretical finite element models of the problem helps 
in simulating the true behaviour and structural interaction 
of masonry walls and reinforced concrete beams to a fairly 
micro-level, rather than the gross h3rpothesis of deep beam 
theory or semi-macro approach of framework analogy model* The 
gap between micro behaviour of constituent materials (brick, 
mortar, concrete and steel) and macro behaviour of the structural 
system can be identified. It is felt that more adva^nces in mat- 
erials engineering is necessary to utilise the full scope of 
the finite element method in simulating the true behaviour of 
the composite structural systems. 

While the scope of the above nature is attractive, the 
development of a satisfactory simulation programme is a rather 
formida.ble task subject to the memory capacity, time limit- 
ations and physical facilities available to the author. The 
author proceeded from the beginning assuming that unlimited 
capacity is available and as and when constraints were faced, 
the simulation procedure was sequentially limited to progressively 



simpler problems. However mazimum information has been 
generated at each successful simulation stage, 

Finally it has been the aim of the author to generate 
simple design rules from simulation studies at material 
and structural levels for brickwalls v/ith openings, inter- 
acting with their reinforced concrete supporting beams* 

In this thesis, the load-response characteristics of 
brick v/alls intera,Gting with reinforced concrete supporting 
beams a,re investigated. Nonhomogeneity, anisotropy and rand-\ 
omness in material properties, which are inherent in brick 
v/alls, are given importance. Elastic, post-cracking and ulti- 
mate stages of loading are covered, Ihe performance of this 
ubiquitous structural component is first studied through 
laboratory tests and finite element methods are used to 
simula'i/e the load-response characteristics observed in the 
laboratory. 

Earlier investigators have' pointed tha,t proper attention 
should be given to the material constants in finite element 
applications. Of particular interest are the elastic constants 
and the compressive and the tensile strengths -of materials 
under use. Besides labora.tor^r tests, the author uses the 
theory of composite materials and computer simulation at micro- 
mechanical level for the evaluation of these constants. 
Furthermore, the stresses and deformations which arise due 
to local nonhomogeneity, anisotropy and random arrangement 
of the various phases of a composite media, such as concrete. 
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are studied in some detail to obtain information on the 
basic behaviour of composite media* 

Several investigators have identified the hei^t- 
span ratios, size and location of openings and effects of 
mortar used in briclo/^ork as important variables in the study 
of walls on beams. In addition, the nature of loading, tensile 
and compressive, is given special attention in the present 
experimental investigations. 

Besides the elastic response, progressive cracking, 
local compression failures and 3 rielding of reinforcement 
have been traced in the laboratory investigations and also 
in the computer simulation studies. Modifications in the 
structural stiffnesses of critical elements are attempted using 
concepts of transverse isotropy and elasto-plastic stiff- 
nesses, which are ciirrently in use in various finite element 
applications. 

Binall3^, incremental-iterative methods are used for 
stress redistribution from the critica.! elements ao as to 
obtain realistic load-response cur\^es. It is felt that this 
study could be the ba,sis for future probabilistic methods of 
analysis and optimal design of walls on beams. 



GHiPTER lY 

FIMTE BLE1.SET METHODS Qg Al'TAIYSiS 

' . ’ ‘ 

The scope ojid linitootions of conventional theory of 
ela.sticity in. analysing the heho.vicur of walls on beans have 
already been reviewed, Problais of anisotropy and non-hono— 
geneity which are inherent in brickwork could not be tackled 
in particular. The author’s search for a. satisfactory proce- 
dure which can acconiioda,te these aspects, resulted in the 
discovery tha.t the finite element procedure can accomodate 
these variables in a, natural manner. Furthermore, the power of 
this method to deal with plane stress, plane strain, axisyn- 
netric, plate, shell and three dimensional problems at the 
elastic, inelastic and near-ultimate stages of load-response' 
in equilibrium, - stability and propagation problems han clearly 
emerged from the large voIut-IG of literature already published 
(B2, B3, B4, B However, the finite element procedure 

is a product of computer era and requires the use of high-speed 
computers with large nenory banks , In this chapter the scope 
of the finite element procc'^ure in solving the problem of stre- 
sses and deformations in-walls on beans 7i/ill be gradually un- 
folded and results obtained from the applica-tion of this pro- 
cedure at various levels,' of sopMstication will be presented, 

4.1. Introduction 

The basic concept of finite element method (FM) is 



noir new. In structural analysis the behaviour of each nauber 
such as colurm or bear is separately established, first, and 
then these ore combined to yield a, solution to the whole frame. 
Similarly a continuum car be idealised as an assemblage of 
several discrete elements whose individua,! behaviour can be 
approximated and systematically combined to yield a, solution 
for the v/hole sj^'eten. In this process the amount of data„, han- 
dled increases in proportion with the sub-divisions made, and 
big computers are required to marnpulate these large volumes 
of data. The power of the finite element methods, to a. large 
extent, is dependent on the capabilities of the computer used. 

” The method can he systematicallj^ programmed to accomodate 
such complex and difficult problems as non-homo gen ecus materia,ls, 
nonlinear stress-strain behaviour and complicated boundary 
conditions” (B 4-). finite element applica.tions in solid mecha,- 
nics are usually solved using one of the- following three appro— 
OvChes: the displerenent formulation, the force formulation and 
the nixed formulation. Displacements, stresses and combined 
displacements and stresses respectivelj^ are assumed as primary 
unknown in the above methods. In this thesis the displacement 
approach is used througiiouto 

a) Gonvergence 

Once a numerical procedure is in use, the question 
of convergence must be discussed. In the displaremont method 
we start with an assumed displacement field. In general the 
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states of constant strain. A1 though all the three conditions 
must he met with to prove convergence in the general case, 
practical results for elements that satisfy the tliird requi- 
rement only appear to converge satisfactorily* 

The constant strain triangular element (CST element) 
used throu^out Dliis study, has been known to yield satisfa- 
ctory results in l-?rge number of practical applications 
(B 19) of similar kind as investigated in this thesis and 
an explicit study of convergence was not undertaken. Greater 
attention has been given to engiiieering application of the 
PTM procedure, 

• 1 • 1 • Essential Features of the Displacement Method 

The development of the constant strain triangular 
element displacement model and the displacement method, which 
are already documented (A 2, B 4, B 19) are reviewed herein 
so that the modifications proposed by the author to accommode.tw 
the problem of v/alls on beams could be substantiated later 
in a brief manner, 

a) The Displacement Method 

Basically the method begins in the division of the 
continuum under study into sub-donains or 'elements^. On 
the basis of an assumed displacement field, stiffness of each 
element is determined in terms of the displa-cements at the 
nodes' of the elements. The stiffness charanteristics of the 
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whole structure is then constructed by assembling the stiff- 
ness of the individual elements. Finally the following force- 
displacement relation under static loading is obtained* 

£ = (4.1) 

where P = vector of known noda.1 forces 

J = known stiffness matrix of the stracture 
U = vector of unknown nodal displacements* 

The displa-cei'i-ent boundary conditions can easily be 
incorporated bj?' either deleting the a,ppropriate degrees of 
freedom or through the assignment of very large values for 
the associated diagonal terns in the stiffness matrix with 
suitable a.djustnents in the load vector, !Ihe latter process 
has been used in this thesis. Procedures for solving large 
matrices of banded nafure are of primary iirportance in finite- 
element procedures, The tridiagonalisation procedinre discussed 
by Zienkiev/icz (B 19) has been used in the present work, 

After solving for displacements U, the strains 6 and 
stresses ^ Y'/ithin each element can be computed from the 
relations: 

e = B u 

and <2^ = 2 I E 


(4,2) 
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where u = nodal displacenent vector of each eleaent. 

and D and B are natricos to be defined later. 

Selection of Bisplacenent Field for OST Element 

The simplest representation of displa,cenent field 
?/ithin a. triangular element in plane problems of elasticity 
is given by i/zo linear polynonials (B 19, A 2) : 


u = + a^y 


(4.3) 
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The six constants can be solved for in terms of nodal 

displacements (Big. 4.1), from the equa.tions, 
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Substituting the appropriccte values for constants d^j 
we obtain 

■" = 4s I (a.+b.x+cj^7)u. + Caj+tjX,.cjy)uj + (a^+b^x+Oj^)u^ 

(4.5a) 
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^ FS ‘ Cai+b^x+Cj.y)v^ + (a^+b^.x+c^.y)T^. + (aj^+\x+c^y)vj^ [ 

(4.5b) 

in which . 

(4. 5c) 

V'/ith the other terras obtealned through cyclic permutations 
of the subscripts in the order i, j, n and u 

i 1 
1 
1 

If the coordinates are ta.ken from the centroid of each element 
then 
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2A= 2 (area of triangle i j m) = j 
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^3 yj I (4. 54) 
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a. = X . y ~ X y. 

1 . D m 3 

b. = y. ~ y 
i *^0 n 


c. = X - X. 
1 m 3 


X. + x^ + X. = y. + y. + y =0 and a. = = a. = a^ . 

1 ra 313 m 1 5 3 n* 

which proYides .a sinplifica/bion in conputa,tions» 

c) Strains : Ibe total strain at any point v/ithin the element 
can be defined by its three components 
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Carrying out 
Equat ions 4 , 5 



the differentiations on u and v obta.ined in 


, we find that, 
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B 5x6 


wherein the B referred to in Eqn. ( 4 . 2), nov/ gets defined* 
Since B is independent of the space variables, strains are 
constant throu^iout the olenent. 


) The Material Property Matri^e 

Besides equilibriun and conpa.ti'bility the constitutive 
laws are to be satisfied in structural analysis. In the finite 
elesient procedure, the constitutive rels.tionship between stresses 
and strains con be conveniently represented through the material 
property nmtrix, D , which takes the familiar form for iso~ 
tropic materials; 

r -1 

I 1 y" 0 I 

D = — ^ y 1 0 j (4.8) 

= 1- i ! 

‘'loo (l-.V)/2 I 

L , J 

and stresses may be obtained from displa-cements using Eqn,(4«2). 




The modification, of this material property matrix to accommodate 
cracking, orthotropy etc., ’vvill he discussed later, 

e) T r an sf o i.ma,t i on Rul es 

The follov/ing tra.nsf ormation rules are valid to rotate 
the stresses and strains from the glohal coordinate system 
to any other cartesian system (x', y’) at an angle a relative 
to the original glohal system (Pig. 4.1)? 


(4.9) 

( 4 . 10 ) 


( 4 . 11 ) ; 

c = cos a 
s = sin a 

C.f particular interest is the application of the above trans- 
formation rules to the material property matrix of say, 



a cracked eloiient from which the following global material * 


property matrix D is obtained: 

= a 


D = d\ 

-a = o = a =0 


( 4 . 12 ) 


It can be shown that, 
,~1 


I 


I 

T 

= e 


( 4 . 13 ) 


Hence 


D = 
= a 


I r 

III 

=e =“ =e 


( 4 . 14 ) 


) Ihe Element Stiffness Matrix 
0 

let I be the noda,l force vector equilibrating the 

e 

stresses in an element. Let ^ be the nodal displacement 
vector, consisting of the degrees of freedom u a„nd v a.t each 
node (lig. 4.1). lor the triangular element the 1 and 
vectors a,re as below: 
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To make the noda,l forces statically eqaivalent to the a.ctual 

stresses in an elemont, the simplest procedure (B 19 ) is to 

ir:pose an arbitrary virtual displace nent at each node and to 

equate the extemo,! and internal work done bj/ the various forces 

and stresses during tha.t displacoraent . let such a virtual dis~ 

0 

placement be d^ ak the nodes. Tliis results in strains within 
the element equa.l to 

d e = I (d 6^') (4,16) 

The internal work done per unit volume by the stresses is 

(d e ) cr = (d 6®) ^ (4,17) 

m 

= (d 6®)"" 1 B 


The external work done is simply/ evakue.ted as 

m 


/"rl 


d 6 ) • ^ 


(4,18) 


Equating the external work done with the internal work 
obtained by integrating over the volume of the element, 

T T 


T 


(d '§_ ) 1 = (d^'6 ) 2 ? I ^ i 

' (4,19) 


Since this relation is valid for any value of virtual displa- 
cement, the equality of multipliers is required and hence 




e T e 

i = (/yoi ® 2 I d(’'^ol)) 6 (4.20) 

Which is typical of displacement formulation and the element 
stiffness na,trix is recognised a,s 

el 

= "" '^Vol 2 i I <^(■^01) (4.21) 

In the case of GST element the matrices under the integral 

tKu-s 

sign are all constants, ^considerably saving the time consumed 
in numericf:il integration procedure, particularly when the 
thickness of the element is kept constant. 

g) ~Rr)UTit^3ry,. Oonditiona 

If displacements at the boundary are specified, it 
poses no problem in the displacement formulation. If distri- 
buted loading per unit area is specified, a loading tern on 
the nodes of the element which has the boundary force will 
now have to be added. This can bo obtained from virtual work 
considerations? but tliis is rarcl3’' done explicitly. Often 
by physical reasonl'ing the boundar^r loading can be replaced 
by simple concentra,ted loads on the boundary nodes from 
stat ica.l c onsiderati ons , 

h) Assefient of Accuracy 

n.",r--,r'r-^- i - - - 

If the exant solution is in fact tlia.t of a uniform 
stress field, the finite element solution using CST elements 
will coincide exactly with the closed form elasticity solution, 
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irrespective of element sub-division. In the case of varying 
stress fields, only an approximate solution is obtained and 
an averaging procedure at each internal node helps in evalu- 
ating nodal stresses. However, the errors persist a,t the 
external nodes, which can be reduced only through a finer mesh 
division. 

The over-view presented as above brings out the salient 
features of the PHi/CST plane stress solution which character- 
ises the behavioex of walls on beams of isotropic, homogeneous 
materials, with unlimited strength so that limitations of 
cracking, local crushing etc,, do not influence the problem, 
lor the initial response of the structure, the above procedure 
will be a.deq.uate; however the con 5 )lete load-response character- 
istic of the composite v/alls on beams from zero load to fail- 
ure requires additional modifications v/liich are detailed as 
below . 

4,1.2. Hon-homogeneity and i-inisotropy 

Oonventiorial linear theory of elasticity is based on 
the assumptions, that materials axe isotropic and ca.n be 
characterised by two essential ela.stic constants E a,nd r and 
that the regions undier stiid 3 r are homogeneous. The brickwall 
interacting with the reinforced concrete bean is obviously non- 
honogeneous. Brickwork is obviously orthotropic. Thus the 
theory of elasticity solutions based on assumptions of homogeneity 



uu 


and isotropy are of anadoriic interest onl3^, particularly 
when the nature of errors introduced hy these a,s sumptions 
still renain midefined, Purthornorc uaterials are mostly non- 
homogeneous and anisotropic at the nicro-nechanical level and 
the basic loa,cl~response characteristics of nodern conposite 
Eiateria-ls and materials such as concrete and briclcwork will 
be understood better if these assumptions are released. In 
this thesis such a basic studj'- ha.s been given due attention, 

a) Anisotropy 

On the subject of anisotropy the work of lekhnitskii 
(B 9) is of significant interest. It is well known that the 
generalised Hooke *s B&w for a continuous material j requires 
36 elastic constenits in the equal ion 

6T = ; i, j = 1, 2, 3 ..... 6 (4.22) 

The reduction of the nplerial property matrix 0. begins 

J_ J 

with the assumption of existence of a strain-energj'" density 
function (elastic potential) 

U = U (e.) (4.23) 

J 

with the property thol 

8U _ ^ 

06 . 3 

3 


(4.24) 
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Such an elastic potential exists when the variation of the 
■faody under deformation occurs iscthermally or adiahatically. 

It will further he assumed that the variations for deformation 
occur iso thermally; then it can be shov/n that 



(4.25) 


which implies that the C matrix is symmetric with 21 elastic 
constants. If there are no changes when the x, y and z dire- 
ctions are reversed (Orthotropic symmetry) these constants 
reduce to nine. In plane stress problems we have the required 
material property matrix hawing four independent elastic 
constants 



^12 ^22 


0 

0 



0 



(4.26) 


Now, the physical constants obtained from laboratory tests, 
say on briclcwork will be related to C. . . If E. and f: 
are obtained from tests parallel to layers and and 

are obtained from tests perpendicular to layers and assuming 
that one cen successfully conduct pure shear tests obtaining 
(s. = G-, a j there are apparently five measured values 

which can be related to the elements , following the 


method used by Calcote (12) 
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If 6^ 6e the orily non-zero stress , then 


+ 0^2 


® “ °12 ^^22 ^t 


from whioh 


(4.27) 


'11 °22 “ °12 


^ 1 -12 
c ^1 C22 - C-12 


If the r'iOdulus ana nt are defined as below, one has 
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°12 

Sl 

°11 

°22 

et 

°12 


■81 

©22 



( 4 . 28 ) 


A repetition of xhis process with as the only non-zero 

stress shows that 


^22 c 


(4.29) 


and 
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It can be easily seen that 


^ 

T? 

""t V-fci 


(4.30) 


finally ass lining that to be the only non-zero stress. 



'/it 



(4.31) 


Thus any three elastie constants in Eqn. (4.30) and G] _.{- 
constitute an oquiv-alent set of four independent elastic 
constants for layered ortho tropic material . 

A more basic understanding of the elastic constants 
for conposite materio.ls such as brickwork and concrete, 
particularly aftei- cracking, is required and the treatment 
by lekhnitskii (B 9) will be followed. ” If the internal 
composition of a ma.terial possesses symmetry of any kind then 
symmetry can be obseiared in its elastic properties” . Planes 
of ela.stic syTxietiy have alrcad3^ been considered and nine 
elastic constants in the three dimensional problems and four 
in the piano stress problems have been defined. An aris of 
sjanmetry will nov; bo defined. If there are sets of equivalent 
directions in a boclj'' which can be superimposed by a rotation 
through an angle Im/n <about a certain aris, then this 
axis is an ex;is of symmetry of order n. Assuming that the 
z axis coincides with the *g’ axis, Lekhnitskii shows that 
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for n = 2, 3, 4 and 6, the independent clastic constants 
are 13 , 1 , 7 and 3 , respective!:/. ITov/ considering a. plane 
of isotropy which cc.n he treated as possessing an axis of. 
elastic sytmetry of an infinitely laerge order (n = 


it can he shown than equitions of genGra,lised Hooke’s law 
have the form 
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(4.32) 


Once 3,gain indicating five independent elastic constants* 

Thus the axis of elastic s^ntmetiy of the sixth order is also 
the axis of syniaetry of rotation. Introducing ’technical 
constants’, one- can write the above equations in the following 


form; 
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Here E and E* are tlie Yoimg’s Moduli, '' or tension-conpressioii) 
with respect to directions in the plane of isotropy and 
perpendicular to it; V’^is the Poisson coefficient v/hich 
characterises the transverse reduction in the plane of isot- 
ropy for tension in the sane plane and is the Poission 

coefficient which chrira.cterises the transverse reduction in 
the plane cf isotropy for tension in a direction nornal to it, 
G^ and G ar: the shc.rr moduli for planes normal and parallel 
to the plane of s,ynrietry. Such a "body is defined hy lekhni- 
tskii to he transversely isotropic . Ma,terials v\fhich are 
cracked are letter understood using transverse isotropy and 
hence the above details. One notices in particula.r the identi- 
fication of G and G* and '/'and How one proceeds to define 



appropriate elastic constants for plane stress problems, 
usinp the above development due to leldanitskii (B 9). 


For plane stress problems x, y directions are used cus- 
tomarily to represent horizonte,! and vertica,! directions and 
using E. , (G is relo.ted) for the horizontal layers of 
constant thickness and a.nd "^2 perpendicular 

planes CFig. 4.2) one has the follovv’ing relations: 
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For plane stress problems 0 ^, are all zero, and 

hence the reduced set with four elastic constants is given 


below : 
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The inversion of the above relotion gives 
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(4.36) 


can rewrite. 


( 4 . 37 ) 



from vviiich one concludes tliat the matrix, h , which relates 
the stresses and strains in plane stress prohlems in trans- 
versely isotropic media is of the form (B 19 ) 


]) 




n n -> ^2 ° 

n 1 0 

0 0 n(l-njh2) 


C4.38) 


h) honhorxoyeneity 

While the subject of a.nisotropy has been reasonably 
tackled, the subject of nonhono gen city ha.s not been satisfac- 
torily solved. Retaining the a,ssuniption of isotropy, attempts 
have been na.de to introduce non-honogeneity in the form of 
either 0(x,y) or E(x,y) in the elasticit:/ equations (B 5, B 6 ) 
keeping V"as constant and even then satisfactory solutions 


could not be obta.ined. In panticulan the importance of in 
the elasticity problems has been enpha.sized by Golecki (B 6), 
A stress function a.ppnoaoh for straight boundaries between 
two different medio, is discussed by Du Ghing-Hua (B 5) and 
finite difference a.pproximation has been indicated, but the 
Poisson's ratio has been kept constant. A cursory examination 
of these papers indicate that the genera.l problem of non- 


honogeneity is a difficult problem to solve in closed form. 
-Goupled with anisotropy the problaa becomes too very, complica- 
ted. However, the finite element procedure discussed earlier 



indicates that each elenont can Idg assigned arbitrary nateri: 
properties and treated as orthotropic or transYersely isotro* 
pic. The only difficulty introducod will he the conputation 
of elenent stiffness matrix inddYidually thus requiring large 
amounts of computer time. By a proper choice of element boun-* 
daries tc coincide with the boundaries of various materials, 
interaction studies in non-homo gen eous media can be undertakec 
Random material property assignment becomes feasible throu^ 
random number generation routines to study randomly arranged 
poly-phase media. The povi/er of the finite element method in 
this direction has been fully exploited in this thesis and 
study of concrete like materials and briek\TOrk has been render 
rather simple. 

4.1.3. Steel Reinforcement 

The influence of reinforcement in the supporting 
beams ha.ve been studied experimentally by Rosenhaupt (Gil) 
and Burhouse (C 2). The load-response characteristics of walls: 
on beams at the post-cracking stages and also the fa.ilure mode? 
are influenced by the quantity and location of reinforcement 
in the supporting beams. Thus the presence of reinforcement 
must be recognized in the finite element procedure. There are : 
several a.venues open for this purpose NgQ and Scordelis (B 13): 
were the first to consider the presence of reinforcement in 
concrete beams inclUvding bond slip ch, or act eristics. They use 



linkage elcancnts to accoimt for lond slip and separation 
due to cracking. On the othorhand Itikkola and Schnobrich 
(a 9), in their study of concrete shells, consider the steel- 
concrete composite shell na,terial a.s having anisotropic 
properties due to the presence of steel reinforcement, The 
reinforced concrete itself is troaited as a. new material with 
the steel ^ smeared in concrete', the actual location of rein- 
forcement not being explicitly accounted for. On the sane 
lines Yuzugulu and Schnobrich (B 17) studied the behejvioiir 
of reinforced concrete deep girders. Bond slip is neglected 
in these studies. The v/ork of O^o Mills (B 14) is of 
particulan interest for this thesis, since the reinforcement ^ 
is considered as linear element in a siraplo manner. The steel; 
reinforcement is idealised as an assembly of one- dimensional : 
bar elements along the boimdary of the triangular elements. 
Bond between the reinforcement and concrete is assumed to be : 
perfect upto fanlure. Since GST elements are used, the lar : 
elements should bo used as truss members in order to achieve : 
displacement conpat ibilitj’’ on the boundary of concrete and 
steel elements. In reality the reinf ore ament does resist loads 
in the transverse direction, and the stiffness of the rein- 
forcement in this sense c-ainot be neglected. Therefore, in 
this thesis the element stiffness matrix of the steel element 
is taken as, 
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0 -12Eg Ig/E^ 


0 12E3 i/r 


where A , E , I end. 1 are the- cross sectional area, the 
modulus of elasticity, the moment of inertia and the length 
of steel har, respectively. The stiffness contribution from 
the bar elements is added directly to the structure stiffness 
Eiatrix in its proper location, Diicing progressive loading of 
the structure, when an element of steel yields, its stiffness 
contribution is eliminated a.nd nodal forces equivalent to the 
yield stress can be inserted at the ends of the element. It 
is clear that tliis approach which simplifies the computer 
analysis, because of the omission of bond slip and separation, 
will result in stiffen and stronger simulated structure and 
the results obtained in this steidy must be interpreted in ; 

this li^t, 

4,1.4, iifodiiice.tion for Cracking 

The load at which various elements cx'a.ck can be found : 
using the maximum stress theory and checking w;h ether the 
maximum principal stress exceeds the tensile strength of materia 
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defined by appropriate codes of practice* For this purpose 
the conputatiora of principal stresses and directions becomes 
important. As a consequence of crackin.r the following modifi- 
cations are found to be necessary. 

1 ) The stiffness of the cracked element requires 
modifications. 

2) The excess stresses over and above the mazimum 
strength of the material in eo-ch cracked element 
require redistribution. 

3) The V'/idth of crack could be kept track by the 
introduction of nev; nodes in the finite element 
programme which is computationally quite difficult,: 

4) Stress concentration effects due to cracking are 
to be included, 

and 5) EventuaA closing, reopening of cracks and subsequen 
formation of cracks in other directions in the same 
element nay have to be considered, particularly 
in the case of cyclic loading. 

Cracking is an important phenomenon in bi-strength materials 
such as concrete; and brickwork, and deserves attention if a 
realistic load-r-'.sponse spectrum is to be obtained for 
structures, which will be designed on the basis of crack 
limited sta.tc. Author's sec-irch in the literature revea.led 
that several schools of thought exist, reg?-rding this problem. 
Schnobrich and his associates (A 9, B 17) have considered the 



first two 


of tliG nodifications listed above in deep girders 
and shells with a good measure of success. Zienkiewicz (B 19). 
and Mills (B 14) have sol\^ed naoiy problems modifying the 
stiffness only. Scordelis (B 13), Khldjian (B 4), Schnobrick 
(B 17) and Mallick (B 11) have used link elements to trace 
separation ajid cracking. Ihe difficulty is in knowing a. priori 
where the link elements are to be introducevd. While attcanpts 
have been made to study the stress concentration effects due 
to cracking and akso crack propa.ga.tion (B 20) the thesis of 
Snyasi Ra^u (B 15) shows the classical nature of stu(3y of 
stress concentrations which are not suitable for the study of . 
randomly oriented discontinuous cracks in brittle materials 
such as briclw/ork, The work of Goodman, Baylor and Brekka (B 7) 
in dealing with jointed rock deserves special mention. Stiff- 
ness matrix of a. joint element (rect cangular) is derived in 
this work. Joint cohesion and friction ane automatica,lly inclu- 
ded in this analysis, This olement could be used instead of 
link elements at nodes to evaluate separation and cracking; how- 
ever it increases computational effort and furthermore the 
locations of cracking are not known a. priori. Considering the 
above sta,tG of the art in modelling the cracking phenomenon 
the following approach han been chosen by the author: 

1) The cracking load and direction a,re identified 
using maximum stress theory; 



2) -ThG stiffness of the cracked elaoient is modified 

using the transverse isotropy concept developed earlier and 
assigning neoir-zero va,lues for ^ 2 ’ ^2 to 

crack in Eqn. (4.37) and retairiing and values 

paxallel to crai,ck as in the uncrackecl st-ate. 1 rotslional tra- 
nsfomia-tion of the fom derived in Eqn. (4.12) is required 
v/here a is the direction of crack from the x-axis; 

3) She excess stresses Vvill be redistributed as shovm 
helovi , IThen an element cracks the na,terial property matrix 
defined as above, can be used to compute the resistance of the 
cracked element as 



(4.40) 


The difference between the previously attained stress ^ and 
the new value of stress 5~cr called the ‘'pseudo* or. 
‘initial* stress, which is given by 



(£ - ?of S. 


(4.41) 


4) Ihe above *pscudo* stresses are converted into 
equiva.lent forces on the system (B 18, B 17) using the relation 


£ = / I ^ (4.42) 

V -- 

and the finite element solution is recycled until the fr-. 

—i 

values are negligible. 
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'1- • 1 • 5 . Mo edification for Openings 

The presence of openings has always posed special 
problens in the theory of elasticity solution, since one has 
to deal with rnultiply-coimect ed regions wherein additional 
requirenents are to he satisfied ^than the usual compatihility 
conditions. In the finite element disicLacenent iormulation 
these roquii*emonts are avoided ojid openings can he easily dealt 
w'ith hy orr.anging the elements to coincide with the boundary 
of the openings. Earlier investigations have shown the need 
for fine mesh near the openings (B 19). Partitioning techniques 
and sequential numbering of the elements become complicated 
in this procedure* However, a method of analysis successfully 
used in an ea-rlior investigation (B 16) has shown that the open- 
ings can be tree.tod a.s pa,rt of the full walls on beams with 
l/40th of the thickness of the rest of the portion. If the 
thickness is less tha.n this, ill-conditioning of the stiffness 
matrix ha.G been noticed. Thus the introduction of openings 
becomes a relatively simple task. 

4* 1 • 6 . Modification for Go;upression Failure 

While cracking can be ea.sily identified using the maximum 
stress theory, the failure of materials under more complicated 
biaxial states of stress has not been properly defined. In par- 
ticular the problem of local compression failures in walls on 
beams deserves attention. S'or this purpose, one needs a 
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realistic failu.re tlicory. Desai (B 4) has shown that von- 
Mises criteria, Tresca criteria aiic' Molir-Ooulomb theories 
have hesn axpliel with various degx’cos of success. Recent 
experincntal investigations by Kuper, Hilsdor and Rusch (A 7) 
have helped in the proper definition of fahlure envelope for 
concrete under bie,xial states of stress. Mikkola and Schnobrich 
(a 9) hane presented an 3/'ield criterion to a.pp 2 ^oxiinate the 
above exp.erinental envelope using von-llises yield criteria 
(Pig, 4.3). Yuzugullu (B 11) has shown that this criterion has 
vvorlced quite satisfactorily^ for concrete deep girders. It is 
proposed to use von-Mses yield critericU in the present investi- 
gation for concrete and briclG?/ork, However, the von-Mises 
yield criteria is based on elastic-perf ectly plastic stress- 
strain rela.tionship , Ihus one ends up with the important que- 
stion y/hether concrete and brickwork can be idealised to be 
elastic-perf octly plastic without introducing major sources 
of error. Ilio materi,al, concrete is investigated first before 
the study of briclavork. 

Ihe stress-strain cur'se for conci’ere has been modelled 
theoretically by several research v/orkers, of which the Sargin*s 
model ha.s shown success in laboratory research on concrete 
nembers as verified by/- Ghosh (A 4). Sargin enumerated the 
following characteristic conditions which a (S~- 6 curve in 
compression always satisfies: 



1) 


The curve passes through the origin 


^ (e ) = 0 at e = 0 


2) The slope of the curve a.t the origin is equal to the 
initial tonfent norailus of elasticity (by definition) 


(e) 


de ' 


at e = 0 


3) The C”— 6 curve ha.s a peak at 6 = 6 

. 0 

d ^ (e) 

™ = 0 at e = e^. 

de ° 

4) The coordinates of the peaJc are (Sq? k^ f^) 

'^e) = k 3 f^ at e = e^ 

5) The cuir/e passes through an experinentall3^ detemined 
point (e., j CT" ) which is beyond the peak 

Ci. d 

'he) = 'ai at e = 0 ^, > e„ 


Sargin postulated that an o^naljotica,! expression repre- 
senting the S“ - e relationship of concrete in compression 
should contain 3,t least five parameters to satisfy the above 
five conditions and thak the following expression satisfies 
the five given conditions; 
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Ax + (D-1) 

= k 

1+(A~2)x + Dx 


(4.43) 


’Wherein x = 6 /€qJ A = ' ^3 ratio of 

naxinun stress to cylinder stren£,th, 6^ is the strain corres- 
ponding to n.?x:inun stress and D is a. parameter mainly affecting 
the descending hranch. 


from the latiorp,tory tests conducted hy the author on 
the concrete used in the supporting beans, the folloV'/ing values 
v;ere obtained: 

f^ = 370 kg/cm^ 

= 370000 kg/cn^ 

= 0.002 

There is adequato evidence to select k^ as 0.85, but the des- 
cending branch of the stress— straan curve could not be recorded 
by the author and hence the empirical expression suggested by 
Ghosh (a 4) wa,s used; 


D = 0,65 - 0,05 f ^ where f’ == maximum concrete 

o c 

stress in ksi, 
f = 0.65 - 0.05 X 5.260 
= 0.387 


Hence the final stress-strain relation was found to be 
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(1175 6-155250 6^) 

^ = 307.1 

.. ■ (1.0 + 175 e + 96750 6 ) 


(4.44) 


and tlie same is plotted in Pig, (4*4). Equivalent elasto- 

plastic stress strain relationship as per the method used 

hy Yuzugullu (B 17) is also indicated in the same figure. 

c c ■ 

3116 values of o~ and 6 now hecome important* 

o o 

Defining PCct) as the function of yield surface, given 
by von-Iiises yield condition and the associated flew rule 
for the plasticity of the uncracked concrete under biaxial 
stress, the yield surface P(^) is defined byj 


2 2 2 2 
p(a-) = cr -fcr a~ cr + 3 Z ‘-err “ o 

X X y y xy ° 

(4.45) 


where cr”" 4s the yield stress under uniaxial compression, 
o 

It should be remembered that in a biaxial state of 
stress the determination of the yielding stage is complex, 
since various combinations of stresses are the possible causes 
for yielding to start. All such combinations are expressed 
by the yield surface, Eqn. (4.45). If P(^) < Oy at a parti- 
cular ma,terial point, yielding has not occurred and elastic 
behaviour prevails. If P( cr ) = 0, yielding is impending and 
p(cr ) > 0, yielding has occurred and plastic behaviour 
prevails, Ihus von-Mises failure can be easily identified. 



The modification required in tlie finite element pro- 
cedure to account for local yielding are more involved than 
those uiacussed earlier for crarking. Besides the yield 
surface, von Mses suggested a, hasic constitutive relation 
defining plastic strain increraents in relation to the yield 

surface, known as flovv rule. If d denotes the increment 

*"P 

of plastic strain then 




and for any component, n; d 6 ^ x — ( 4 * 46 ) 

“UjP 0 0 - 

n 

In this .X is a proportionality constant as yet undetermined. 

Total Stress-Strain Relation (B 19) 

During an infinitesimal increment of stress, changes 
of strain are assumed to he divisible into elastic and plastic 
parts. Thus, 


^ ^ ^ -p (4.47) 

The elastic stiain increments a.re related to stress increments 
by a, symmetric matrix of constants D as usual. Thus we have 

-i 3F 

d e = D d r+ — (4.48) 


Y(?hen plastic yielding •ccurs stresses are on the yield 
surface given by Eqn. ( 4 , 45 ), This equation is modified to 



include a strain hardening factor k, and rewritten as 


PC g- , k) = 0 


(4.45a) 


HLf f erentiating this one can write therefore 


— . d Tt + d Cv - r: 0 




1 " a 5-2 '’2 


(4.49) 


or 


d'a- + aA=0 

I a cr I 
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Eqns. 4.48 and 4.49 can he written in a single symmetric 


matrix form as 
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The indeterminate constant 7^ can he eliminated I 9 ) and 
this results in an explicit expansion v/hich determines the 
stress changes in terms of imposed s,train changes with 
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d cr = 



d € 


(4.52) 


where 


* 


D p = D 

= bp 


5 *^al: 


T - aF ^ a? 

£ 1/ J 


(4.53) 

* 

The elasto-plastic matrix h talces the place of the elasti- 

~^P 

city matrix h in incremental analysis. It is positive defi- 
nite, symmetric and is valid whether or not takes the 
zero value, ^or ideal plasticity, the value of A is simply 
zero, ^ his incremental stress-strain relation is only valid 
from the instant when the stresses reach the yield surfaces, 
I'(<y) ~C, IfF(G“)<0 purely elastic behaviour continues. 

Furthermore this relation is valid only for infinitesimal 


strain increases. For finite steps it is possible that stre- 
sses depart somewhat from the jaeld surface. To guard against 
this, stresses should be reduced to the yield condition after 
each iteration. Using the von-l»Iises yield criteria (Eqn,4.45)» 
the elasto-plastic matrix specialises to 


T T 

D =D-Djt2/(fDj) (4.54) 




(<r - g-c) 3 'I f 
2 


where 



^3 


has been already been identified (Pig. 4.4) and 
T 

(ijr D f) is nothing but a scaling factor, 

-r • • 7 Incremental, Iterative Method of ina.lysis 

While Zeinkie’/Vic 2 (B 19) has indicated the broad out- 
line of attack for obtaining the complete l«ad-response chara- 
cteristics of a plane sti-ess problem such as walls on beams, 
the work of Yuzugullu and Schnobrich (B 17) deserves special 
mention in applying the said procedure for concrete frame- 
wall system. The following description closely follows the 
work of the above two authors. 

Initially the structure is uncracked and elastic, and 
conventional PM procedure provides the required answers. By 
loading the structure is Increments and throu^ the use of an 
iterative procedure it is possible to extend the elastic solu- 
tion into the study of propagation of cracks, plasticity of 
concrete and yielding of reinforcoment . If slips between var- 
ious surfaces, separe.tion and friction between layers could 
be included the method of enal^rsis v/ould be more versatile; 

however the limitations of the IBM 7044 S3^stem used by the 
author precluded their incorporation in this study. When an 

element cracks or plasticity of any component material occurs, 
the released ‘pseudo stresses' or the ’initial stresses’ should 
be redistributed to the surrounding elanents. Within one load 



•■84 


\ 

increment • the distribution ojS initial stresses can be achie-^ 
ved using two alternatives, namely the varia,ble stiffness 
and constant stiffness methods; Both methods have beeh used 
in this study and a complete description of the procedure is 
to be found in the book of Zeinkiewicz (B 19); Eigures 4,5 
and 4.6 illustrate schematically the procedures involved. 

Effect of Gracking 

The effect of cracking on the load displacement dia- 
gram is non-linear but the cracking process itself is elastic, 
that is the structure remains elastic before^'aftor ohacking. 

In the real behaviour of structure, cracking process continues 
gradually and the stiffness of the structure changes slowly* 
However, the path of the mathema.tical model is stepped because 
the loads are assigned in discrete steps. large increments 
may indicate cracking of a number of elements of a time. In 
reality these should occur sequentially. 'The reduction of loa.d 
increment thus becomes important. The author’s work envisages 
207 . of the first crack load as incremental load. 

Plasticity 

The redistribution of ’pseudo stresses’ due to plasti- 
city requires some explanation. The following steps are 
necessary and should be viewed in conjunction with Pig, 4*7*. 
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1. Appl3^ the load increment and determine the elastic 

stress ciTid strain increments A6). 

2. Add the increments to the existing values of stress and 
strain at the heginning ox the increment. Thus current totals 
obtained are ( 

3. Evaluate eCo*) from the equation 4 •45: 

a) If E('r) < 0, the element is elastic, no pseudo 
stresses are releosed and proceed to the next element, 

b) If E(or) > 0 and also at the beginning of the 

increment E(c5“) = 0, set ~ 

compute A ^2 using A 6 ^ and the elasto-plastic 
matrix E 6 p (Eqn. 4 , 54 ), 

^ — o - § -t (4*55) 

~ '"-p 

where D is based on the total stresses obtained 
- e p 

in step 2. Therefore the ^pseudn stresses*' which can- 
not be supported by the elastic -plastic concrete are 
computed as 

A '27 = - A <272 (4,56) 

4 . Compute the pseudo loads P using the relation 

i = (4-. 57) 

and anaHyse, the structure using the initial stiffness at 
the beginning of the increment which will give a new set of 
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increments Ag;-] andA6^-j. 

5. Repeat steps 2 through 4 until the pseudo stresses 
reach sufficiently small values. 

The above process results in artificial shifting of 
the yield surface from its initial position which may be 
corrected for. Furthermore when plasticity occurs the state 
of stress does not uniquely define the state of stra.in? it 
is path dependent. Also the process is irreversible. In this 
thesis, monotonic inci'ease in loads is envisaged and hence 
the real behaviour of structure which is generally loaded in 
cyclic maimer, may not be reflected from this simulation. 

If 7/ithin an increment only biaxial plasticity takes place 
in the elements, the initial stiffness of the structure is 
not altered and the pseudo loads are iterated by the use of 
initial stiffness at the beginning of the increment. If, how- 
ever, within an increment cracking occurs in some elements 
and concrete plasticity occurs in the other elements, then 
the element stiffnesses of the cranked elements only are 
changed , 

If reinforcement 37-ields, the element stiffness is 
assigned zero values and equivalent yield loads are assigned 
to appropriate nodes of the associated bar element. 

The validity of assuming concrete t® be elastic— 
perfectly plastic lies in the von-Mises criterion being 


conservatiTe than the corresponding relationship obtained 
from tests (Fig. 4*3). 

There has been no evidence in published literature rega- 
rding failure criteria for brictovork. In tension the maxinram 
normal stress theory could be used with confidence. Author's 
attempts to obtain complete stress-strain curve for brickwork 
shov/ed large scatter and sometimes erroneous readings in 
electrical strain gauges due to local flaws in brickwork. 
Further work seems to be necessaiy in this direction. Brick- 
work shows the essential features of concrete when leaded in 
compression, except for the descending branch beyond It 
was decided to use the von-Mises criteria for brickwork also, 
even thou^^ Mohr-Goulomb criteria could have resulted in a 

more realistic response as inferred from the works of besai 
b -5 

(B 4 ).^^ and 6 q were obtained as was done for concrete 
(Fig. 4.4). 

The above theoretical study for the analysis of walls 
on beams using FE?I and GST element is completely based on 
previous research by various investigators in the area of con- 
crete structures. It is unfortunate that published literature 
on the behaviour of brickwalls on reinforced concrete beams 
are biased towards experimental investigations wherein the 
overall response is observed and the individual influences 
have not been isolated in ary systematic manner. It is the 
contention of the author that computer simulation techniques 



in conjunction with laboratory experiments will he able to 
identify the primary variables i. It can be noticed from the 
above theoretical development that the material constants, • 
anisotropy and non-homo geneit;;-, besides the strength parameters^ 
require greater attention* 

4.2 Results of Simulation Studies on Ooherete and. Brickwork 

Non-homogeneity, anisotropy and randomness at material 
and structural levels have been emphasized in this thesis. 

Ihe GST/RM procedure has been chosen for simulation of the. 
load-response characteristics of two phase composite materials 
such as concrete and briclwork and also the behaviour of walls 
on beams. In this section results obtained from computer simu- 
lation at material level are presented and effects of various 
parameters are evaluated. Knowledge of materials have been 
traditionally from simple tension and compression tests •n 
prisms or cylinders. A prism of 20 ems width, 27.5 ems hei^t, 
and constant tliiclmess o.f 10 ems was chosen for the study of 
'concrete-like' materials. Concrete may be viewed as aggre- 
gates randomly embedded in a matrix of mortar, !Ehree dimensional 
tetrahedral finite elements wo’iLd have represented the concrete 
like material in a realistic manner; but three dimensional 
analysis requires very big computers with access time in terms 
of nano-seconds. An in^ortant idealisation has been made that 
across the thickness direction, the prism has uniform geometric 



and material properties, thus approximating the problem 
under study as a plauie stress problem. There are two avenues 
open to the analyst in chej:?a,cterising concrete; one is to take 
microphotographs of slices of concrete like materials and 
approximate the positions of aggrega,tes and mortar in the 
finite element simulation to reflect the photographs. Such an 
approach has been adopted by Jaenssen and Sundstcom (A 5) and 
Kavanagh (A 6). Another method is to generate idealised arra- 
ngements using random number generation, for purposes of para- 
meter studies. This approach was chosen by the author, and it 
was noticed that Miamoto et.^.;.al. (A 8) have used a similar 
approach for interpreting the mechanical behaviour of grin^ng 
v>?heels in terms of micro— structure. However, rectangular ‘ 
elements w*ere used by these authors, whereas triangular elements 
can be eff ectivelj!" used to represent the boundaries betweenj 
the two phases. 

The random number generation routine available to the 
author, could generate decimal fraction on the basis of uniforn*} 
probability and these fractions were converted to yield numbers 
1 and 2, and the number *1 • was associated with aggregate and 
the mortar was identified b3^ the number *2’. The resulting 
volume fraction centered around 0,5, Other volume fractions 
such as 0,33 could have hoen easily obtained. The prism Is 
subdivided into 176 elements (16 per row) v/ith 108 nodes so 
as to yield reasonably (satisfactory distribution of stresses 
under pure flexure. The error in stresses was found to be 
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10 percent, whereas deformations were quite a.ccurate. Kiis 
is to he expected in the OST/fSI displacement method of 
analysis. Ten randomly arranged prism samples were simulated 
in the computer, besides pure mortar and pure aggregate as 
extremes. These sample prisms are illustrated in Jig. (4.8), 
the shaded a,reas rcprcsaiting aggregate. These were sub^eefe^ 
to uniform compressive loading and the resulting displacements .- 
stresses, Youngs Modulus E, and Poisson’s ratio were studj.ed„ 
Besides simple vertical compression loading, lateral compre- 
ssion, compression in laterally restrained specimens (platen 
restraint in testing equipment was aimed at), pure shear anc 
pure flexure loading were simulated on the first, random 
arrangement of materials and compared v;ith the results obtain 
for identical loadings on pure aggregate and mortar. (Pige4,9)' 
The random arranganent of materials compared favourably cmtfcr 
the micro -photo graphs of concrete presented by llaJkagawa et.al 
(a 10), To study the effect of Poisson’s ratio, y' on the resu- 
lting stress distribution the first random arrangement was 
assigned values 0.0, 0,1, 0,2, 0.3, 0,4 and 0.5 and studied 
under uniform vertic"! compression, Tlie results obtained from 
the above simulations (30 in number) will be discussed in 
appropriate sections. 

The behaviour of hriclovork is of significant impoi^’^a-no^ 
in this thesis, A three brick, tv^o mortar layer system was 
simulated first and the interaction stresses were studied. Each 


brick is represented by 48 triangular elements and each, mortar 
layer by 16 such elements (Fig. 4.10). Since symmetry about 
centre line c'*'Uld be exploited in this case, and a vertical 
mortar joint is desirable to idealise the behaviour of brick- 
work in a realistic manner, such a system Vv'as simulated 
(Pig, 4.11) using 224 elements and 136 nodes. Ihe resulting 
brickvorlc v/as studied under uniform vertical compression* Ihr' 
variation due to morta.r modulus v/a,s of significant interest 
and five different moduli were assigned and studied. It wso 
noticed that the parameter, ^b significant 

interest and four more simulations ?/ere undertaken to stud;' 
its effects. The thickness of mortar joints in the horizon, 
direction was also varied and 0,5 cm, ,1.0 cm, 1.25 can and 2 cm 
thicknesses v/ere assigned and studied. The resulting stresses 
and deformations from nearly 20 such simulations are discrss"€:c( 
in the appropriate sections* 

To study the gradual reduction in the stiffness of a 
composite material system due to cracking a cube of material 
v/ith inclusions and openings was also studied requiring threfe 
additional simulations (Pig. 4.12), The stress concent ratio’' 
due to circular and rectangular openings in homogeneous medi*. 
were also studied separately, but these results could not be 
included in the simulation of walls on beams with openings an.1 
were hence discarded* 
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Most Ox these sinulations could be run as short ^obs 
of less than 8 minutes duration for the study of elastic beha- 
viour. Progressive craclcing, local yielding and stress redisti 
buttons were not undertaken at this level since elastic const- 
ants of composite izia,terials were of primary interest which 
are required for the simulation of walls on beaiis* 

4.2.1. Effects of Ion-homogeneity in Concrete 

Oonventional theory of elasticity assumes homogeneity 
and isotropy and hence a uniform compressive loading on prisms 
results in the sinple solution that vertica,! stresses and 
strains are uniform and lateral -expansion is symmetric. Oont- 
puter simulations on homogeneous, isotropic materials have 
yielded identical results. This may be contrasted with the 
stresses obtained on a x’andomly arranged non-homogeneous media 
(Pig. 4.13) for the sane vertical compressive loading of 1 kg/ 
sq.cm. The stress distribution in random non-homogeneous media 
has obvious perturbations over the solution for homogeneous 
materials. The maximum vertical stress is in the •rder of 
2 tines the average and minimum stress is in the order of 0.5 
times the a,vGrage, , while the nodular ratio as per given data 
works out to 2.28, However, the stiffer material namely aggre- 
gate doesnH alv^ays pick up higher stresses, the stress in 
any element being affected by those in the surrounding element 
The lateral tensile and compressive stresses across any verti^ 
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section cdternate so tha,t net value is zero. However, the 
itaximum lateral stress is in the order of 28 percent which 
in the case of a listrength naterial like concrete is adequate 
to cause microcracking in local regions. The shear stresses 
also alternate, their net value in any horizontal section being 
zero. As a consequence of local cracking, there is a progreco- 
reduction in the stiffness of the cra.cked elements and conse- 
quently non-linear load deforma.tion curves are obtained for 
bistrength materials. This complicated stress distribution 
and local stress concentrations may be causes for micro- 
cracking which has been noticed by Sturma.n, Shah and Winter 
(a 13) in extensive laboratory investigations. In one of the 
simulations, the load v^as progressively increased and it was 
found that nearly 80 out of the total of 176 elements showed 
cracking, even though o,ver£-.go vertica,! compressive sires'" ■ 
w'ell within the compressive strength of a material such as 
concrete. The crack directions vieve found to be predominantly 
in the vertical direction thus providing adequate evidence 
for lateral splitting of prisms ?/liich are uniformly conpressec 

The perturbation stresses, being self-equilibrating in 
nature, generate fl^txural deformations which could not be 
predicted from the homogeneous theory of elasticity. This as- 
pect is significantly brought out in the deformation diagram 
plotted in Tig. (4.14). In the testing equipment these lete^h 
deflections are suppressed creating additional external 



constraints Vi?Mch will result in apparently liigh strength 
of the material studied end this aspect perha.ps justifies the 
reduction factor = 0.85, used in ultima,te strength design 
of concrete structures, fhis overall flexure in non-homo— 

geneous media v-raries from section to section, assuming that 
it can he properly defined, and the applied uniform compressive 
stress is really eccentric 'with respect to the centroid which 
higgles* around the centre line. 

This simulation study also indicates that the use of 
electrical strain gauges which monitor strains at local areas 
and the use of long electrical strain gauges in concrete which 
have a tendency to average out the strains are to he viewed 
with ca.ution. The familiar scatter in stress-strain curves 
obtained from laboratory test may perhaps he explained through 
the above observations. Furthermore values of.Poisson*s ratio 
cannot be accurately obtained from strain gauge measurements 
at local spots. 

4.2.2. Effects of Random A r rangement of Two Phase Materials 

In an attempt to obta,in significant numerical results 
from the large velume of da,ta generated through the computer 
simulation of ten randomly arranged samples, the f«llovi?ing 
procedure was a,dopted, 

1 ) The Young ^s Moduli obtained from average vertical 
strains in computer simulation and average vertical compressiv' 


95 


stresses were compared with those predicted by the series, 
parallel and conbination models proposed in the theory of 
coii 5 >osite materia.ls v/hich were sur!ina.riscd in Oha^pter 2* Hie E 
and '/ values are detailed in Table 4*1. compared in Tables 4*2 
and 4.3 and plotted in Eig. 4.15. 

2) The computer simulation and in particular the random 
arrangement shows promise for evaluation of elastic constants 
and volume fraction 3,&‘ S ignment . 

3) The combination models in the theory of conposite material 
predict more closely the E values obtarneci from corputer simu- 
lation. 

4) For the same volume fraction (0,51) the random arrangement 
of materials is seen to have significant influence on the 
values obtained for the modulus E (195,6C0 and 189,9 00 Icg.ms/ 
sq.cm). 

5) The values of Y " , the Poisson’s ratio, are more sensitive 
to computer simulation and may fall outside the bounds predic- 
ted in the theory'" of composite mat rials. For the same volume 
fraction (0.51) the vaJues of Yaxe quite sensitive to the 
random arrangement of the materials (0.1714, 0^1451). 

6) The accuracy of the FEEvI procedure is verified throu^ 
corresponding analysis of homogeneous prisms of aggregate and 
mortar. 
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4.2,3« Effects of Anis ot ro-pj Pug to Gracking of Concrete 
The aclvanta-ge of coi! 5 )‘ater simulation studies in 
isolating the effects of individual variables has been utilised 
in this study. Tho first random arrongement was loaded progr- 
essively from 0 to 160 leg/ sq.cm, at 10 kg/sq.cm. interval and 
the number of olemonts which cracked in tension (Aggregate 
f^ =10 k^sq.cm., mortar f^ = 5 kg/sq.cm) were traced and 
after oacb increment 1 ^, G-^ nnd >^2 directed perpendicular 
to the crack wore assigned zero values, utilising the trans- 
verse isotropy concept discussed earlier and the number of 
elements that cracked cumulatively are as per the following 
series, 

Stress 0 10 20 30 40 50 60 70 80 90 100 110 120 150 140 150 150 

kg/sq. 

cm. 

Cracked 0 0 0 0 1 4 8 15 27 58 42 49 55 65 68 71 79 

Elements 

However, a plot of the load-average 'vertical deformation for 
this specimen (Eig, 4»15) shows no deviation from linear 
elastic behavio'ur in spite of the reductions imposed on the 
material property matrix E . This deserves explanation, Eirst 
and foremost the cracking direction was found, to be more or 
less 90 degrees from tho horizontal and reduction of the stiff- 
ness in the horizontal direction did not affect the load- 
response significantly, since stiffness in the direction of 
loads has not been altered. More important obserratlon is that 
unless the-, excess, B.tressqs rih^-crttieal 
•buted to'- adjacent eleffiei#s;h»’" 
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result in rea.l,istic load-response e]iara,ct eristics. Hiis aspect 
has not been discussed in similar studied made by Nakagawa 
et.al.(A 10) and Ono ajid Mills (B 14-). furthermore mi croc racks 
at interelement boundaries observed by Sturman e^'-al-CA 13) 
have not been included, in tliis simulation. It has been found 
that at higher loads the simulation indicated a non-linear 
load-deformation response even without redistribution; but 
this is of academic interest only. 

4.2.4. Effects of Various Types of Loading in Plane 
Stress Media 

It has been mentioned earlier that besides simple 
vertical compression, lateral compression, vertica.1 compression 
with lateral restraints at top and bottom of the plane prism, 
pure shear and flexure v/ere simulated in the computer. Ihe 
loading details and boundary conditions are illustrated in 
Eig. 4.9. Besides the first random sample, pure aggregate and 
mortar prisms v/ere subjected to identical loadings for compara- 
tive study. The results obtained are summarised in Table 4.4.-. 
Erom the resulting deformations E, '/'and & values were compute- 
yielding important results, which are enumerated as below, 

1 ) The E and >Values obtained from horizontal and 
vertical compression of the s-ame prism with random a.rrangement 
of materials (volume fraction 0,47/0.53) are not the same wherea 
the th.eory of composite materials v/ill assign identical values 



for both cases. This shows that besides volume 'fraction the 
random .arrangement of nateria,l3 is important in theit it intro- 
duces a.nisotropy. Concrctc-like ricaterials nay never be idealised 
a.s isotropic or even orthotropic. They are essentially ani- 
sotropic. 

2) Restrained compression apparently increases the 
elastic moduli oven for homogeneous materials and more so far 
the randomly o,rranged media,. 

3) Pure sheaj: simulation in composite media yields 
higher values of G, indicating hi^er shear stiffness than 
ca,n be a,ppr oxidated from the formula G = E/2 (1+/*) where E 
and '■/‘can be obtained from the theory of conposite ma.terials 
or from the computer simulation itself. It is important to 
notice that shear tests ore difficult to conduct in the labora- 
tory, and computer simulation offers a good alternative* 

4) The ela.stic modulus obta.ined from pure flexural 
loading simulation using the formula E = ]VIL /26I where 6 is 
the maximum deflection obtafned from computer simulation on 
randomly arr^mged two phase media., is lower by 5 percent than 
the values obtained in pure compression; this may be viewed 
in the light of self-equilibrG.ting stresses in random-non- 
homogeneous media and local flexural effects discussed earlier. 

5) While changes in E are in the order of 1 to 5 percent, 
changes inV^valucs are in the order of . 15 percont, showing 
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the sensitivit 3 / of the Poisson^ s ratio to randon arrangenent 
and vo.rious types of loading. Hence further studies on the 
influence of were undertejeen which are described in the 
next section. 

6) To show that the above obsero^ations are not infl- 
uenced by errors in finite elenent modelling, the above studies 
were repeated on plane aggregate and mortar prisms, admirably 
yielding back the values fed as data (Table 4*4), with marginal 
er3?ors . 

4,2.5. Effects of Variation in Poisson ^s Ratio 

To observe the effects of variation in Poisson's 
ratio, values of 0,0, 0,1, 0,2, 0,5, 0,4 and 0w5 were assigned 
in the first random distribution for both materials. The defo- 
rmations obtained in the top of prism are as below. 


S.No. 

V' 

Sv 

^h 



. ems 

ems 

1 

0.00 

0.14414 

0,01269 

2 

0.10 

0.14425 

0.01281 

5 

O 

C\J 

• 

O 

0.14427 

0,01286 

4 

O 

• 

o 

0.14421 

0.01286 

5 

0,40 

0,14406 

0.01278 

6 

0.50 

0.14379 

0.01269 


It is seen that variation in Poisson's ratio has little ■ 
effect bn the lateral a.nd vertical deformations. On the other 





hand 

stresses 

in a typical element 

which 

represents 

an aggre- 

gate 

in the centre of the concrete 

prism 

were sensitive to 

the Poisson's 

rat io . 




y 


.. — T 

'7 ^xy 



. 

0.00 

0.037 

-1,5440 -0,1300 

0,049 

-1.556 

85.02® 

0.10 

0.046 

-1.5518 -0.1343 

0.057 

-1.563 

85.23* 

0.20 

0.056 

-1.5590 -0.1292 

0.067 

-1.569 

85.46° 

0.30 

0.068 

-1.5670 -0.1230 

0.077 

-1.576 

85.69° 

0.40 

0.081 

-1.5750 -0.1180 

0.089 

-1.583 

85.94° 

0.50 

0.096 

-1.5820 -0.1117 

0.103 

-1.589 

.86.22° 

wheri 

ein, ^ t 

C 2 are principal stresses and (|) is 

the 


principal angle measured from vertical. 


A similar tabulation shows the stresses in an element 
representing morta^r, adjacent to the aggregate element discussed 


earlier. 


V“ 



<Gcy 



<P 

0.00 

0.03 9 0 

-0.790 

-0.0143 

0.0390 

-0.790 

-89.02° 

0.10 

0.0330 

-0.799 

-0.0148 

0.0330 

-0.799 

-88.98° 

0.20 

0.0266 

-0.807 

-0.0155 

0.0270 

-0.808 

-88.94° 

0.30 

0.0194 

-0.817 

-0.0162 

0.0197 

-0.816 

-88.89° 

0.40 

0.0115 

-0,827 

-0.0171 

0.01 18 

-0.827 

-88,84° 

0.50 

0.0023 

-0.838 

-0.0179 

0.0027 

-0.838 

-88.78° 



I'oi 

It is seen that G~1 stresses are quite sensitive to 
the Poisson's ratio and in turn these lateral stresses are 
responsible for micro-cracking and hence assigning arbitrary 
values for this material constant, while siimplifying computation, 
masks valuable information on micro-mechanical behaviour of 
materials and affects in particular the failure theories deve- 
loped for materials sltcIi as concrete* 

4.2.6. Study of Erickvork 

BricKy^ork is such a familiar material that very few 
research y;orkers find it exotic enou^ for advanced research. 

The International Conference on Ma.sonry Structural Systems 
at the University of Texas, (Nov,, 1967) was an eye-opener to 
many with regard to the gaps in our knowledge of this ubiquitous 
building material. Of panticular interest is the prediction 
of elastic constants for brickv/ork, knowing the elastic constants 
for brick and mortar separately. The peculiar behaviour of 
brickwork in splitting laterally under compressive loading 
under sm.all loads has been noticed in severa,! investigations* 
Furthermore brickwork opben shows higher compressive strengths 
than that of the mortar strengths. Wherefrom this excess strength 
is obtained, deserves attention. The stress-strain curves show 
increasing tangent modulus and are dependent on the loading 
parallel a.nd perpendiculan to bed joints. Finally the failure 
theories for brickwork have not been given adequate attention. 





In an attempt to oxpla.in the above experimental observations, 
simulation studies on briclavork have been undertaken by the 
author, 

A thx-ee layer bricki'vork wa,s simulated in the computer 

using CST/PM tecliniques (Pig. 4.10). In this simulation, 

mortar was assumed to be stronger than the brick and hence 

hi^j.er modulus (E = 1000 f 1) was assigned to the mortar than 

bricks (1750000 psi vs 610000 psi) and V^values were taken to 

be 0,25 and 0,1 respectivel 3 ^. In this case the mortan was 

found to be in biaocial tension and bricks v/ere in tria;xial 

compression as anticip.a.ted by the a,uthor. It has been pointed 

out that earlier resea-rch has indico,tcd the converse to be 

true. It is the contention of the anthor that by adjusting the 

elastic constants (how this is to be done in practice is not 

easily defined), v^o can adjust these interaction stresses to 

any desired level, thus leading to an optimization problem, 

I 

avoiding premature joieral splitting of briclo.vork under com- 
pressive loading. Since there were no verticai joints in the 
above simulai ion, this studjr w ciS 3/!^ andoned and further simula- 
tion studies were carried out using vertical mortar joint also 
in the middle layer. (Pig. 4.11). The symmetric loading was 
taken advantage of in the finite element modelling. Ihe effects 
of material constants and thickness of horizontal mortar layers 
were taken to be the primarj^ variables, laboratory tests under- 
taken by the author revealed that mortar tests showed coefficient 



of Tariotion in the order of 35 percent, while the brick 
itself responded v;ith 22 percent. Random mortar properties 
could have been assigned in this study as described earlier 
in the case of simlations for concrete- like ma,teria,ls; how- 
ever this in^jortent aspect v/as relegated for future research, 

4.2.7. Effects of fet eri.al C onstants on Behaviour of Brickwork 

Ihe 0— (lateral) and (vertical) stress distribution 

X y 

in brickv/ork due to applied uniform compression of 80 kg/sQL*cm 
are plotted in Fig. 4.17. The elastic modulus E, were assigned 
on the basis of the 28 day compressive strengths of bricks 
and mortar and using the SORI recommenda.tion (20), that 

t 

E = 1000 f . Attempts to measure Poisson's ratio using elec- 
c 

trical strain gauges in bricks and mortar cubes were not fruit- 
ful and hence T^fo r brick was arbitrarily assumed as 0,1 and 
y~ for mortar v/as assigned a higher value of 0,20, E for brick 
wa.s found to be 345000 kg/sq. cm and E for the mortar used 
Was found to be 100000 kg/sq, cm (1;3 mortar by volume). The 
lateral stress distribution shov/s chat brick is in biaxial 
tension and mortar is in triaxial compression, explaining 
simultaneously the reason for observed increa.se in strength 
of brick'.'/ork beyond that of the mortar and the lateral split-, 
ting of brickwork loahed in uniaxial, compression. 

The vertical streso distribution shows that vertical 
morta.r joints vxe sources of stress reo.dj ustment in the 



in tlie component materials, stresses in mortar being reduced 
to 587. and stresses in brickwork being increased to 130y, of 
average stresses. Maximum stresses wore noticed at the comers 
of bricks at the junctio-n of horizontal and vertical mortar 
joints, thus showing that corners of brides are critical regions 
of failure in actual briclowork. The influence of elastic con- 
stants on the stresses in critical elements in brick and mortar 
is presented in Table 4*5, The need for strong mortars 

f 

(E = 1000 f ) for reducing the lateral tensile, stresses in 

L/ 

bricks is self-evident, Yevy weak mortars force the brick to 
share the major load and Eig^ 4.17, shows local flexures at 
the vertical brick-mo rtcr joints v-’hich were noticed by Hilsdorf 
(a 4) in actual experiments. The uniformly compressed brick- 
work is a m 3 rth, which resv.lts directly from the assumptions 
of homogeneity and isotropy. 

In the serial arrangement of bricks and mortar, if the 
value of is exactly equal to » ‘S^hen lateral 

expansions are same a,nd interacting stresses in the lateral 
direction are absent. But antual bi’ick’work, with its vertical 
joints is a series-parallel conbiratlon model and attempts 
were made to study the effects of the parameter E-b 
Several combinations are p'^'’sible and values of , 1,0, 1,0, 

3.45 and 69.0 v/ere tried as shown in T^ble 4.6, The lateral 
tensile stresses in bricks were considerably reduced if the 
ratio of E-^ is adjusted to be in the order of 



unity. Thus the parameter Ej^ is identified as a 

basic parameter for crack-free brickwork. It is, however, 
noticed that tensile stresses in the vertical mortar joint 
are not eliminated at local points, indicating the need for 
strong mortars. The need for strong mortars to reduce the 
unbalance in vertical stress distribution has also been brought 
out through the simulo.tion, 

4.2,8. Effects of Thiclcness of Ifcrtar Joints 

The effects of thickness of horizontal mortar joints 
on the resulting stress distribution are surma-rised in Table 4*7 
It is clear that thick joints increase the lateral tensile 
stresses in bricks and also in the mortar in the vertical joint, 
whereas vertical stresses in critical elements remain unaffected 
Con^iared with the effects of elastic constants of brick and 
mortar, the effects of thickness of mortar joints are not criti- 
cal, It is, ho vt/ ever, reassuring that thin joints which are 
economical do not result in detrimental effects, 

4.2,9* Bl ast I c Const ants for Briclovork 

Comparison beta- sen equivalent elastic constants for 
brickwork obtained from the theoiy of composite materials and 
con^uter simulation is made through results tabulated in 
Table 4*8. The theory of composite materials predicts bounds 
for the elastic constants, and the series model (being lower 




bound) was cliosen for comparison with the results obtained 
from computer simulation. The following aspects are brou^t out: 

1) The prediction of Young’s Moduli by the theory of 
conrposite materials agrees quite well with the conputer simu- 
lation. 

2) The simulation results are not however bounded by the 
series model since Poisson’s ratio has not been kept constant 
as assumed in theoretical derivations. 

3) Por the same volume fraction (0,90) values of Poisson’s 
ratio, y~as predicted by the theory of composite materials are 
in gross error when compared with the simulated values. This 

is due to the E values not being kept the same as required in 
the theory of composite materials. As the values of E for brick 
and mortar approach each other, the agreement in the values is 
quite satisfactory. 

4) Once again the series model is no more the lower bound 
for the prediction of 

5) It is the contention of the author, that the elastic 
constants for composite materials can be accurately predicted 
only when E and /'are simultaneously accounted for. 

It is necessary to mention here that the elastic 
constant E, measured in the laboratory for a three layer brick- 
work Was much lower than these predicted throu^ computer simu- 
lation or the theory of composite materials. This is as it 
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should be since the mortar strength was first evaluated by 
compressing 7 cm. mortar cubes which were vibrated thorou^ly 
as per standard specifications, and the value of E was estima- 
ted from the equation E = 1000 f * . In the brick laying process 
it is obvious that such vibrations are not attempted, and 
whatever be the richness of cement mortar, unless it is contacted 
well its strength and stiffness may not be utilised in practice* 
The increasing tangent modulus of briclw/ork as observed in the' 
laboratory and its low modulus will be discussed later on when 
experimental results are presented. In the meantime the experi- 
mental values were used in the simulation studies on walls on 
beams, discarding the computer simulation values of elastic 
constants, 

4,2.10 Miscellaneous Studies 

To isolate the influence of an aggregate in a medium 
of mortar and the influence of mortar inclusion in a medium 
of aggrega.te, a cube of 15 cms. size was studied with 5 cm. 
prismatic inclusions, dhiarial compressive loading on the cube 
was simulated. To see whether the reduction of element thick- 
ness to 1/40 of the surrounding medium can effectively represent 
an opening, the above inclusion problem was modified to simulate 
an opening and was loaded identically as above. The simulations 
are detailed in fig. 4.12. The following observations were made 
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from these raise ellaneous studies which were fore-runners to 
the simulation of walls on beams in the- computer, 

1) 'There were stress concentration effects which are 
well knovm, the vertical stress concentration factor being 1,40, 
the horizontal tensile stress concentration factor above and 
below the soft inclusion i n a hard media being 14 percent. 

As the applied stress was increased from 40 kg/sq.cm, to 
80 kg/sq,cm, , the corner elements surrounding the inclusion 
cracked and failed, 

2) kor a hard inclusion in soft media , the hard inclusion 
cracked even at the applied stress of 40 kg/sq. cm. and the 
comers were highly stressed in compression also. The soft 
media itself was more uniformly stressed than the first case. 
This study is meant to bring out the nature of the stresses 

in an aggregate which is surrounded by mortar. It shows that 
aggregates which are surrounded by mortar become critical than 
the other way. 

5) In the case of simulation of an opening , the stress 
concentration factor becomes nearly 2,00, the lateral tensile 
stresses being in the order of 38 percent, in the critical 
elements. The stresses are in the nature of a soft inclusion 
in hard material. As the applied load is increased from 40,00 
to 110.00 kg/sq.cm, nearl]^ 62 elements cracked showing the 
detrimental effects of openings/cracks , Even though stress 
redistribution was not attuiupted, the reduction in stiffness 
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due to cracking has been accounted 'for an in this case the 
load deformation curve is as in Pig, 4.18, clearly showing the 
isolated effects of reduction in stiffness due to cracking. 
Without redistribution this is a hypothetical curve of peculiar 
nature and is of academic interest only, 

The above studies at the material level were helpful 
in obtaining a ’feel^ for computer simulation and considerably 
influenced the ?;ork on simulation of walls on beams which will 
be detailed in the follov/ing sections. 

4,3. Results of Simulation Studies on Walls on Beams 

The primary aim of this thesis is the development of 
an appropriate simulation procedure which will reflect the load- 
response characteristics of brickwalls interacting with their 
supporting beams, so thai parameter studies and generation of 
design charts may be undertaken. Such a simulation procedure 
is to be attempted for the elastic state, post cracking and 
Mises failure states and finally the collapse limit state, 

ITon-homogeneity and anisotropy are to be given impor- 
tance and randomness in properties of brickwork is also to be 
considered. 

The height span ratios, size and location of openings, 
the nature of loading (tensile or compressive) and the contri- 
bution of reinforcement in the supporting beams in resisting 
loads have been given due attention. 
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Of these the elastic analysis is straight forward, 
and the stresses and defoririations are easily obtained. Based 

on the stresses at mid-span section of the supporting beams, 
design rules can be generated in a simple manner. 

The post cracicLng and von-Mses failure stages, 
require the introduction of reinforcement in the supporting 
beams and tracing of failures in tension and compression in 
brickwork and concrete and yielding of steel. The modification 
of the stiffness of critical elements is essential. 

The ultimate load stage requires stress redistribution 
through iterative-incremental method of analysis. 

The necessaiy theoretical basis has been established 
in section 4.1 of this chapter. The material constants which 
are the basic input parameters in the simulation have been 
discussed in section 4.2, Computational details are given in 
the form of flow charts and in the Bortran programme that is 
appended at the end of this thesis. 

The presentation of stresses and displacements 
obtained at veiy large number of points is a major problem and 
graphical presentation has been chosen, numerical values being 
indicated at critical points only. 

The structuros simula.ted in the computer were identi- 
cal with those studied in the laboratory. The laboratory test 
results will be presented in Chapter 5. 



nr 

dui' 

It has-lDeen pointed^ earlier that material constants 
will be assigned as per laboratory test results obtained from 
tests on concrete cylinder c, brickwor.lc prisms and tension 
reinforcement . 

The bouadarj’’ condition assigned reflects the hinged 
supports used at both ends of walls on beams, in the laboratory 
t ests . 

The loading is uniformly distributed compression of 
top of the v/alls or uniform tensile loading at the bottom of 
the beam. Lateral loads were not simulated, even though a few 
additional data cards could have taken care of this. 


4.3.1. Effects of Height-Span Ratios on Elastic Behaviour 

Pour hei^t span ratios were simulated in the computer, 
namely H/L = 0.10, 0.35, 0.52 and 0,68. The ratio of 0,10 
represents the plane R,C. beam without wall and the ratio of 
0,90 tested in the laboratoiy could not be accommodated in 
the computer for want of adequate memory. The short table 
below gives an idea of the computational effort involved. 


S.ho. 

1 

2 

3 


H/l Ratio Eo. of ho. of Time Required 
Elements isfodes 


0.10 

184 

120 

6 

min* 

06 

sec 

0.35 

414 

240 

18 

min. 

39 

sec 

0.50 

598 

336 

24 

min. 

38 

sec 

0.68 

782 

432 

28 

min. 

15 

sec 


4 
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The details of finite element subdivision of the 
wall of hei^t span ratio 0,68 axe gi^/en in Pig. 4.19. Ihe 
nodal coordinates and connections have been generated auto- 
matically, avoiding large number of data cards. Non-homogeneity 
at structural level has been considered; but each element is 
deemed to be isotropic. A small load of 1000 kg/metre was 
applied as against the failure load of 20000 kg/metre« The 
lateral and vertical stress distributions are sketchQpin 
Pig, 4.20. It is seen that the hinged condition of both supports 
has a prestressing effect on the bottom beam. The vertical 
stresses concentrate near the supports. The shear stresses 
(which are not sketched) concentrate at a distance *d* (the 
depth of beam of 20 cms.) away from supports. The brickwork 
is relatively free from stress concentrations and the bottom 
beam takes the brimt of loading. This is due to the nature of 
the modulus assigned for brickwork and the concrete which are 


as below 


.J' 

®2 

^2 

'^2 

Concrete 

Beam 

221000 kg/om^ 

0.15 

221000 

2 

kg/ cm 

0.15 

105 000 
kg/cm^ 

Brickwork 

2 

5200 kg/ cm 

0.10 

8520 

? 

kg/cm 

0.16 

2564 

kg/cm^ 


These observations tally with those of Rosenhaupt (O I4) and 
Goull (C 5). It is clear that the lateral stresses in the 
bottom beam are of special interest and these arc plotted for 
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the bottoin beam of the v;all v/ith H/L ratio of 0,52 in 
Pig., 4.21. The finite element subdivision, the lateral stresses 
and deformations .for the wall with H/l ratio of 0,35 are given 
in Pigs. 4.22, 4.23 and 4.24 respectively. The plane section 
h3T3othesis seems to hold for the brick portion of the wall 
also, but the slopes of these sections in the supporting beam 
and the walls are different. The finite element sub-division, 
deformations and stresses in the plain beam (H/L = 0,1) are 
given in Pig. 4*25. The local errors in stresses inherent in 
the GST/PEM displacement method is clearly brought out, Where- 
ver elonents join in the manner as in the case of elements 22, 
23, 68 and 69, there are errors in the stresses. Wherever 
elements join in the manner 67, 68, 69, 70, 113, 115, 116 
and 116, the solution is quite acurate and the stresses have 
been plotted based on these junctions* 

A simple comparison Vi/hich suggests itself is the plot 
of maximum coirpressive stresses in the mid— span of the suppor- 
ting beam with respect to the height-span ratio (Pig. 4.26), 

The stresses seem to level out at H/L ratios of 0,68 and moro 
If the ailowable stress in M200 concrete (used in this invest- 
igation) is 70 kg/sq.cm, as per relevent Indian Standards then 
the working loads can be computed as 3200 , 5350 , 7000 and 
8250 kgms/metre run. Thus the interaction between walls and 
their supporting beams suggest an interaction factor of 8250/ 
3200 = 2.58 for H/L ratio of 0.68, linear inteipolation beinf^ 



indicated in the plot in 3'ig. 4*26, for other height-span 
ratios. Thus it is concluded in this study that the bottom 
beam can be designed for a mid span moment of 11/20,5 as 
against \7L/8 now being assigned neglecting the interaction. 

This majr be contrasted with the suggested maximum of Hi/100 
as indicated by Wood and Simms (O 23), With the presence of 
openings and tensile loading this interaction factor is bound 
to reduce further, 'The displacement details are summarised 
in fig. 4.27. The reduction of central deflection with increasr- 
in H/L ratio is as shown in fig. 4.27(a). The deflection seem 
to level out beyond H/L ratio of 0,68, thus indicating direct 
transfer of load to the supports in deep walls on beams. The 
deflection obtained throu^i coE 5 )utGr simulation are compared 
with deflections obtained in the laboratory in fig, 4«27(b), 
Considering that the elastic constants are the only values 
which are in our control in the computer simulation and that 
very low values have been assigned considering the porosity 
of mortar, the agreement is quite close. It has already been 
pointed out that the theory of composite materials indicate 
very high modulus. Ix is once again emphasized that elastic 
constants for hrickv/ork deserve better attention and pre- 
occupation with the strength of bricks and mortars individuall"^^ 
must be de-emphasized, Tlie deflected shapes of the bottom of 
supporting beams for various H/L ratios is of interest 
(fig, 4, 27(c)), In particular the closeness of the curves for 



H/L ratio of 0.52 and 0,68 is significant, flie reduction in 
deflections in walls interacting with their supporting beams 
is indicative of the overall interaction that has taken place. 
Once again an interaction factor of 2*60 is indicated for H/Ii 
ratio of 0,68, 

An important aspect vdiich deserves attention is the 
S3rmmetiy of finite element subdivision. Pig. 4*19 sho?/s that 
the finite element subdivision was not really ssnametric about 
centre line, Ihis generates a bias in the solution tov/ards 
one direction and lateral shifts of 0,0001 cm. were noticed. 
Hence this kind of subdivision was abandoned and further 
studies v/ere based on a new arrangement of the elements, this 
time using symmetrjr about centre line. These are reported in 
the next few sections, 

4.3,2. Effects jf Operiings on Elastic Behaviour 

It has been known from earlier experimental investi- 
gations (O 6, 0 13, 0 16, 0 21) that the size and location 
of openings affects the load caarr^/’ing capacities of walls on 
beams, but the precise nature of interaction has eluded defi- 
nition. Eirst and foremost an elastic ena.lysis of deep beams 
Vv'ith openings is to be attempted so thr^t an overall perspective 
of the internal stresses and deformations is obtained and 
critical spots located. The finite element displacement for- 
mulation can deal with openings in a natural manner as indicated 



earlier. In this thesis the presence of openings has been 
accounted for by reducing the thickness of elements which 
characterise the openings to an arbitrary amount of l/40th 
the original thickness as suggested by Sethuratnam (B 16). 
furthermore the symmetrs'' of centrally located openings had 
to be taken into consideration so the.t the programme could 
be accomm.odated in the IBM 7044 computer system with 32K 
memory. The lintels used in the associated experiments were 
encased steel beams and the same were simulated with finer 
mesh size. Ihe resulting finite element arrangement for the 
hrickwall with central opening is as shown in fig. 4»28. Ihere 
were reinforcements (2 nos. 10 mm, bars) at top and bottom 
of the supporting beam which were also included in the study 
as bar elements spanning the appropriate nodes, Ihe applied 
loading is uniform compressive at the top of the wall as in 
the associated laboratory tests, Ihe half-span region of the 
wall has 672 elements and 374 nodes as against 782 elements 
and 432 nodes for the complete wall which has been discussed 
in the previous section. In fact the full wall was simulated 
first with hopes of a.cccmmd dating eccentric openings. Since 
memory constraints prevented successful analysis of the wall 
with eccentric openings only central dcor and v/indow openings 
were studied with the modified finite element a,rrangement 


now under discussion 



The elastic constants used for concrete and hrickwork 


are as below 

' ♦ 

# 

E 

1 


h 

4 

h 

Concrete 

221000 kg/cm^ 

0.15 

221000 

kg/cm^ 

0.15 

10500 

Brickw ork 

5200 

o 

# 

o 

8320 

0.16 

2364 

lint el 

1160000 

0.25 

1 1 60000 

0.25 

464200 


The time taken for various load increnents for the 
follov^ing runs in the IBM 7044 system is as below 

Plain Wall 29 min, 09 sec« 

Without openirg 
(Three increments) 

Wall with window 29 min. 08 sec. 

Opening 

(Three increments) 

Wa,ll with door 12 min, 18 sec. 

op ening 

(One increment ) 

The elastic stress distribution in the case of door 
openings is given in Pig, 4.29. The stress distribution in 
the case of w'indow openings is given in Pig. 4,30, The applied 
load w?as 1500 kg/metro run in both causes. The lateral stresses 
(G"^) were critical and discussion is restricted to these 
stress distributions. The following observations are valid: 

1) The bottom beam is critically stressed along with 
the lintel and bricbwall is relatively free from stresses due 



■fco the small Yalues of moduli assigned for hrickwork, 

2) s Ihe- stres.s i distribution is similar in all respects 
to those obtained for the wall on beams without openings, 
which were discussed in the previous section, 

3) The portion of bean below the door openings seem to 

, i ' ^ 

have a constant moment region which is reasonable since load 
is transferred to either side of openings* 


4) The hinged supports ali both ends of the beam seem 
to have a prestressing effect as inferred from the stress 
distribution at supports* 

5) The vertical and shear stresses concentrate near 
supports but the stresses are not critical and hence these 
were not plotted. The vortical stress concentration at the 
bottom edge, of openings noticed in experiments is totally 
absent in the finite element solution, 

6) The mid-span compressive stresses in the bottom beam 
are the most critical and design loads can he coinputed for 
M200 concrete (70 kg/sq.,cn, allowable stress as per Indian 
Standards) on the ba.sis of critical stresses. These are as 


b elow : 

Nature of specimen 

Plain v/alls 

Walls with door 
opening 

Walls with window 
opening 


Max:. Stress for 
1000 kg/metre load 

15.12 kg/sq«cm* 

14.15 kg/sq.cm, 

13.20 kg/sq.cm. 


Permissihle Design 
load 

6950 kg/metre 
7400 kg. /metre 

7920 kg. /metre 



7) It is seen that the supporting heam of the plain- 
wall is worst stressed since "bending noinent is larger in 
these walls than in walls v/ith openings. The window opening 
while it distributes the loads to the ends, also furnishes 
some compressive resistance from the 'brickwork at bottom of 
the opening. 

8) The central deflection for plain walls, walls with 
door openings and walls with window openings are respectively 
0.2170 mm, 0.2021 mn and 0.1951 mm once again confirming redu- 
ction in maximum bonding moment at mid-span v^hen thepo are 
central openings. 

9) It is obvious that working stresses are favourable 
in the walls with openings and their effect on ultimate loads 
will be discussed in the next chapter. 

4.3.5. Oontribution of Reinforcement at Elastic Stage 

It is well known that post-cracking behaviour of the 
concrete beams supporting a brickv'/3,ll is controlled by the 
reinforcement. The advantage of the FEM in isolating the 
effects of individual variables was utilised to study the 
contribution 01 reinforcement in sharing loads at the elastic 
stage in a brief study. The deflection is an overall measure 
of the contribution to the stiffness of the total beam and 
the central deflections with and v/ithout reinforcement in a 
particular study were found to be 0,2805 and 0,4892 mm 
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respectively, showing the beneficial effects of reinforcement 
in reducing the deflections of reinforced concrete beams* 

IThe maximum stresses in the eleraents adjacent to reinforcement 
at mid-span were found to be 12.5 kg/sq.cm, and these increased 
to 13.5 kg/sq.cm, without reinforcement, The importance of 
reinforcement in reducing the deflections has thus been 
clearly established. Attempts to reduce this steel using 
Wl/lOO as against Wli/8 nov/ being used (neglecting interaction) 
may at best save a few kilograms of steel but may result in 
large deflections and int eipretation of structural interaction 
in the manner suggested by Wood and Simns (C 23) must be viewc’"’’ 
with caution, 

4,3.4. Effects of Loading, lensile and Gompressive 

Wood (0 21) had indicated in his studies on composite 
construction that the loading of the supporting beams directly 
through the connecting floors may lead to separation of brick- 
walls from their supporting beams unless tensile connectors 
were introduced. In the experimental studies undertaken by 
the author this aspect has been given major attention. In the 
finite element method since tensile or compressive loading 
could be simulated with equal facility a study of this aspect 
was undertaken on a wall with height span ratio of ®«52 
(255 nodes and 448 elements as shown in Eig. 4.28) and uniform 
compressive loading of 6000 kg/metre was applied at top of 



the wall and the same loading was repeated at bottom of the 
supporting beam in the next run. Of interest is the comparison 


of central dofle-ctions of the supporting beam, the values 
obtained being 0,709 mm and 0.942 mm respectively. Since sepa- 
ration between the bride v alls and their supporting beams is 
of primary interest, the (vertical) stresses and shear 

stresses along the interface were compared and the results 
are as belov/. 


loading Stresses 

Sup- 0.075 

0.175 

0.275 

0.375 

0.475 

Rem- 

2 

kg/ cm 

port of 

of 

of 

of 

of 

arks 

span 

span 

span 

span 

span 



-7.5 -5.2 

-4.04 

-3.2 

-2.4 

-2.23 


Compressive 







txy 

4-1.6 -6.0 

-5.18 

-2.10 

-1.60 

-0,56 



-3.30 -1.28 

1 

o 

• 

o 

+0,73 

+ 1.51 

+t.72 


Tensile 








+1.86 -5.71 

-5.13 

-2.04 

-1.57 

-0.32 



It is seen from the above tabular statement that 
the nature of loading (compressive or tensile) affects the 
vertical stress a.t interfaces, but have insignificant effect 
on the shear stress. Ihe applied load of 6000 kg/metre is 
equiva.lent to 4 kg/sq.cm, stress, on the top of the beam. It 
is seen that if a constant tension of 4 kg/sq.cm, is imposed 



on the solution for compressive loading, the solution for 
tensile loading is easily obtained for stresses. This 

O'* 

stands to reason from conventional thocrj’' of elasticity, 
since shifting a load is equivalent to adding a uniform stress 
field to the original solution. OZhe tensile stresses at the 
interfaces are adequate to cause separation which has been 
noticed in the tensile loading experiments conducted by the 
author. 


4-.3»5. Effects of local Graclcing and von Mises Pailures 

In earlier sections, attention has been deliberately 
focussed on the elastic-response. The ^ w all- on-b earn * loaded 
in its plane can be treated as a plane stress problem in the 
theory of elasticity yielding reliable solution when the 
specimen is uncracked 3.nd. other local failures are absent. 

In the earlier sections non-homogeneity and anisotropy have 
been included which is an improvaaent over the conventional 
solutions v/hich are based on the assumptions of homogeneity 
and isotropy. The stresses a.nd def Jimations obtained from 
the above solutions have been discussed at some length and 
working loahs ha.ve been assigned based on the concept of 
allowable stresses. However, designs can be based on deflec- 
tion limited states, crack limited states or collapse limited 
states. In these section the behaviour of the supporting beam 
(with 192 elements, 119 nodes, Eig, 4.28) under monotonically 



increasing loads is described, particular attention being 
given to tiie identification of various local failures (crack- 
ing, local yielding, and yielding of reinforcement in compre- 
ssion or tension). Before assigning tbe next increment of load, 
the stiffness matrices cf critical elements have been modified 
as described in Section 4.1. Stress redistribution has not 
been attempted at this stage. The aim of this intermediate 
step is to check whether the location of the critical elem,ent_. 
agree with experimental observations. 

Modelling of cracks, local compression failures 
and yielding of steel ha.ve been achieved by various investi- 
gators in several ways and there is a certain amount of spe- 
culation in these, modelling procedures. One is not sure at 
this stage of development (1973) which procedure is realistic 
and economical in terms of computational effort. In this 
thesis all local failures are accounted for through ■ approp- 
riate changes in the stiffness matrix of critical elements. 

In this way anisotropy ajid non-homogeneity at local 'levels 
have been given primary importance, which are the important 
aspects motivating tills paiiicular research work. j 

The supporting concrete beam without the brickwall 
has been modelled sc that several incremental loadings can 
be obtained within short computing rims and the validity of 
results could be checked against the observed behaviour 
pattern. With ten load increments the time required for this 



sin^ile problem is in tiic order of 30 minutes. If the brick 
wall had been included the time required would have increased 
to several hours. It is further assumed that the finite ele- 
ment method (once it works for a small region with a few nodes 
and elements) can be relied upon tc yield results for bigger 
size problems without introducing numerical errors. 0?his assum- 
ption is really based on the earlier elastic studies on 
various sizes of walls which showed satisfactory performance 
and the residuals in the load vector were computed and found 
to be negligible. 

Two sequences of loading were attempted. The first 
loading sequence (loads are in kg/metre run) is as follows: 

0, 3000, 3600, 4200, 4800, 5400, 6000, 6600, 

7200, 7800 and 8400. 

The elements that cracked or yielded are listed in Table 4*9, 
wherein the maximum displacements arc also recorded. The 
second loa.ding sequence is as follov/s: 

0, 7500, 9000, 10500, 12000, 13500, 15000, 16500, 

18000, 21000 etc. 

0?h3 loa,d-def lection curves are plotted in Tig, 4.31 
and the cracking sequence eind von-llisos failures are sketched 
in Fig, 4.32. 

The load-deflection curves a,re representative of 
the overall performance of the structure under study. The 



curves obtained reflect truly the trends noticed in the 
labora.tory tests. The total number of elements that have 
cra,cked or failed in compression are also indicated in 
brackets. It can be seen shat changes due to cracking alone 
have not introduced significant non-linearity in the load 
deformation curves. 

On the other hand von-Mises failures have a tendency 
to introduce significant non-linearity through reduction in 
the stiffness of associated elements (D ^ was discussed in 
Section 4, 1 ), 

If the author had not tested these supporting beams 
in the laboratoiy and found that the actual failure load is 
in the order of 5000 kg/metre whereas this simulation shows 
failure at 14000 kg/metre (beyond which instability in computer 
solution occurs), the research v^ork w’ould have been terminated 
at this sta.gc as was done by riilson (A 1), Nakagawa (l 10), 

One and Hills (B 14) a,nd a few; other research workers. It is 
the contention of the euithor tha,t these high ultimate loads 
are due t^;; the omission of stress redistribution as soon as 
each element cracks or fails in compression. The excess stre- 
sses v/hich could not bo supported by critical elements are 
to be converted into pseudo loads and assigned to the load 
vector and additional deformations must be obtained throu^ 
an iterative procedure, -These aspects are described in the 


next section 



As for tho sequential failure pattern (l’ig,4,32(t)) ) , 
the cracks first form at the mid-span section and then propa- 
gate upv:a.rds hosides forming additional cranks at a section 
which is at a dist,ance *d* away from mid-span, where d is 
the depth of heam, fhesG findings oruly reflect the known 
laboratory performance of R,G, Beams. If bond-slip betv.’een 
the reinforcement a,nd tho surrounding concrete elements had 
been introduced the spreading of cracked region at mid-span 
noticed in this simulation could have been avoided and open- 
ing of cracks at mid-span v^ould have resulted. This study 
indicates that more attention should be given towards an app- 
ropriate definition of crack width in such computer simulation. 
Pig. 4.52(c) sho’.vs that one of the elements near the support 
has ^yielded' in compression, which is quite rea-sonable* Thus 
the identification of local failures as built-in in the com- 
puter progrcanmc by the author, can be deemed to be realistic. 

Under the second loading sequence simulated in the 
computer, the loading was carried through (in spite of the 
fact that redistribution is not included) so as to see v;hether 
compressive failure at the top of the beam could be obtained. 
The failure zones in Pigr 4.52(d) clearly indicate that 
compression at mid span a.nd a.t supports were critical. Further- 
more the top of the beam over the supports showed cracking 
which was also noticed in the laboratory tests. This is as 
a consequence of the hinged supports at both ends developing 



1 P'7. 


horizontal reactions at the bottom of the been. 

Convinced thef the computer simulation procedure 
could reflect the progressive local fa.ilurcs of a concrete 
beam, in a rea,listic manner further work on stress redistri- 
bution Was undertaken, 

4.3,6, Redistribution Studies 

The incremental-iterative method for stress redistri- 
bution has been described earlier, Por this purpose mag or 
modifications in the convent iona.l finite element programme 
were found to be necesse,ry. The stresses in each element and 
the nature of failure, if any, in ea.ch element ha,d to be 
indexed and stored separately. If there were no local failiires 
in any of the elements, under an incremental loading, the 
resulting stresses in the system were up-dated. Even if a 
single element failed luring a load increment, an iterative 
procedure was irdtiated to modify the displacements to acco- 
mmodate the released ’pseudo-loads' which could not be supported 
by the critical elements. Both the initial and variable stiff- 
nesses were used in the iterative procedure. The iteration 
process continued until the pseudo-loads did not cause any 
further local failuros. The resulting stresses and cumulative 
displacements v;ere then printed out. 

The modifications in the finite element programme 
were so extensive that even the smallest wall on beam with 



H/L ratio of 0.35 could not be accotmc dated within the bounds 
of computer nffiory thcf v?as available. Previously four mag- 
netic tapes were in use ejid an a,dclitional tape was also uti- 
lised for temporaz’y storage; even then the programme could 
not be acccoomodated. Hence the problem wa,s left at this stage 
of development for future research. How:-''.’'er the finad version 
of the Fortra,n Progroximo, including stress redistribution, 
has been appended to this thesis, A plain beam of smaller 
dimensions has been checked through, showing satisfactory 
performance of the programme. 



MLE 4>1 ; E MD FOR OOMPOSITE MATERlilL FROM OOMPUTBR 
SHUMION (STRESS 1.00^Kgm/Sq .Om,J 
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TABTiB 4>2 : THEOKETIGAI. PREDICTIONS OP E AHD 00MPT3TER RESULTS 

(in Kg/Gn^ Ifiiits) 


S.No. Nature of Yolume Parall- Series ^Qo^^^iination Models ^ 

specimen Prac- si Model Harmonic Arithmatic puter 

tion,g Model ( 2 ) Arerage Average Simula- 

■ Agg/ ( 1 ) ( 3 ) ( 4 ) tion 

lotal ^ 


1 

Aggregat e 

Only 

1.00 

281000 

281000 

281000 

281000 . 

*-.281000 

2 

Goinposite 

Bandom 

0.47 

196100 

167100 

18 0400 

181600 

184,600 

5 

n 

0,47 

196100 

167100 

180400 

181600 

181,200. 

4 


0.53 

206710 

175100 

189700 

19 0805 

196,800 

5 

tt 

0.52 

205130 

175900 

188100 

189515 

192,600 

6 

t 

0.55 

209850 

178000 

187400 

193925 

199,400 

7 

!f 

0.51 

203570 

172500 

186700 

188035 

195,600 

8 

tt 

0.51 

203570 

172500 

186700 

188055 

189,900 

9 

n 

0,52 

205130 

173900 

188100 

189515 

191,300 

10 

n 

0.56 

211410 

179500 

194200 

195455 

197,500 

11 

tt 

0.49 

200430 

169700 

183700 

185065 

190,300 

12 

Mortar only 

0.00 

123000 

123000 

12300* 

123000 

125000 
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SABLE 4,5: THEORETlGiX PREDIOTIOITS OP VMD GOMPUTER RESULTS 


S.No 

1 , Nature of 
Specimen 

Vo lime 
fraction, 
g Agg/ 
Total 

Parallel 

Model 

Series 

Model 

Oomputer 

Simulation 

1 

Non-composite 

Aggregate 

1,00 

0.1000 

0.1000 

0.1000 

2 

Goinposite 

Random 

0.47 

0.1795 

0.1480 

0,1920* 

3 

It 

0.47 

0.1795 

0.1480 

0.1700 

4 

tt 

0.53 

0.1705 

0.130 

0.1604 

5 

tf 

0.52 

0.1720 

0.140 

0.1565 

6 

tt 

0.55 

0.1675 

0.137 

0.1270^ 

? 

n 

0,51 

0.1735 

0.142 

0,1714 

8 

n 

0.51 

0.1735 

0.142 

0,1451 

9 

tf 

0.52 

0.1720 

0,140 

0,1564 

10 

41 

0.56 

0.1660 

0.132 

0,1989* 

11 

$i 

0.49 

0.1765 

0.144 

0.1331 

12 

NoA-composit e 
Mortar 

0.00 

0.2500 

0.2500 

0,2500 


* Values fall beyond theoretical bounds. 




TABLE 4,4 : ELASTIC GOITSgAlCTS OBTAIHSD PROM YiJlIOUS LOADIHg 

PATTEMS 


S.No. 

Hature of 

Nature of 


Elastic Const ants/ Computer 


Loading 

specimen 

E kg/ cm' 

2 

y 

G kg/ em^ 


(Simple 

Aggregat e 

281000 

0.1000 

127727.0 

1 

Vertical 

Mortar 

123000 

0.2500 

49200.0 


Compre- 

ssion) 

Random 

0.47/0.53 

184600 

0.1915 

77450.0 

E/2(1-i- Y) 


(Simple 

Aggregat e 

281100 

0.1000 

122730.0 

2 

Lat eral 

Mortar 

122900 

0.2500 

49160,0 


Compress- 

ion) 

Random 

0.47/0.53 

187600 

0.1732 

80000,0 

E/2(l-f>*) 


(Restrained Aggregate 

282300 

0.1040 

127800.0 

3 

Vertical 

Mortar 

125300 

0,2581 

4979«.0 


Compre- 

ssion) 

Random 

0,47/0,53 

192300 

0.2058 

7973>.0 

I^2(UY) 


(Pure 

Aggregate 

- 

- 

127700.6 

4 

Shear.) 

Mortar 

- 

- 

49210.0 



Random 

0,47/0.53 

- ■’ 

- 

81450,0 



Aggregat e 

281000 

— 


5 

(Flexure) 

Mortar 

123 600 

- 

- 

E 


Random 

0.47/0.53 

176000 

— 

— 


Dat^ 2 

aggregate 

‘v^aggregate 

mortar 

Fmortar 


281000 kg/sq.cn. , 

0.10 

123000 kg/sq.cm., 
0.25 


^Aggregate 

G j_ — 

mortar 


= 127727 kg/sq 
49200 kg/sq.cn. 











S,No. Elenent 
Stress 


2 

Effect of Mort^ Modulus (Kg/cn )on Renarks/ 

[0,000 ^0,000 Too, 000 200,000 


1 138/cry 

Brick 


2 t72/<r^ 

(kg/cn2) 


3 126 / 
Mortar 


-153.11 -127.27 -119.16 -104.99 -91.78 = 

34^000 

kg/ C0.2 

^rick ~ 

0.1 

+8.63 -f-S.Og +7.42 +6.10 4.40 ipplied 

Compre- 
ssion = 
80*0kg/cm 

Vmortar* 

0.2 

+3.51 +4.13 +4.52 +4.03 +2.57 Hiickness; 

of mortar^ 
joint 
1,25 csn 


4 139/ Gy 


-3.65 


7.20 


-13.60 -30.99 -53.00 
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TABLE 4.6 ; EEFEQTS OP PARALCSTER ON BRIGKIQEi: 


„ Elastic Constant s/Bata -m „ *Element /Stresses x? 

S.No. * — 7 — = "7“"% — Kemarks 

^riclc ■Mortar/ ment ^ ^ 

^rick i^mortar ^®* 


30CX300/ 150000/ 1.0 

0.1 0.05 


3.02 -44.44 

-0.08 - 45:29 


0,66 -90.52 

-0.07 -80.56 


brick 


300000/ 120000/ 1.0 


0.25 


0.10 


3.74 

0.20 

0,19 

0.07 


-36.56 

-37.52 

93.81 
-80. 67 


mortar 


brick 


345000/ 200000/ 3.45 

0.1 0.2 


2.57 

1.69 


- 53.05 

- 53.03 


niortar 


2.88 

4.40 


-91.78 

-80.22 


brick 


345000/ 10000/ 69,0 


3.51 

1.21 

5.97 

8.63 


\ ^3:*tar 
-3 . 63 y 


-133 

-80. 


5.11) 
.48 ) 


brick 


♦Applied stress is uniform vertical compression at 80 kg/ sq.cm. 



TABIE 4 >7 i EFFECT 0? MORIAR LAYER BUCKMES S OH STRESSES 

II? CRCTIQAX EiaaiENTS (BRIOEgQRK) 


S.N/^. in.ement 

Nf,/ 

Stress. 


Effect of Ifortar Joint Ihiekness 
0,5 cm t«0 om 1*25 cm 2,0 cm 


Remarks/ 

Data 


158Ary 

brick 

-92.28 

-91.93 

“91.78 

-91.41 

^rick 

kg/cm^ 

^ brick 

172/ (Tx 

2 

(kg/cm ) 

+2.04 

+3 .70 

+4.40 

+6.08 

War 200000 
2 

kg/cm 

't2-6/G-^ 

martar 

+ 1.82 

+ 2.34 

+2.57 

+3.15 

V ^ 0.20 

mortar 

t39/s-y 

-53.56 

-53. IS 

-53.03 

-52.72 

Applied com-- 
pres Sion 

ss 80 kg/sq.cm 
(uniform) 
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TABLE 4,8 : ELASTIC COHSTMTS FOR BRIQKWORK FROM THEORY OP 
. QOMPOSITE materials AUB GOMPUTER SBiDLATION 


S.lTo. Yolmne Series Model Computer 

fraction ^ Vm Simulation 

^ kg/om^ kg/cm^ E V 


1 

0.90 

345000 

0.10 

10000 

0.20 

79300 

0.1053 

81000 0,0450 

2 

0.90 

345000 

0.10 

20000 

0.20 

131200 

0,1053 

I 32 IOD 0.059' 

3 

0.90 

345000 

0.10 

40000 

0,20 

195700 

0.1053 

196200 0.086' 

4 

0,90 

345000 

0.10 

100000 

0.20 

277000 0.1053 

270000 0 . 09 1 ' 

5 

0.90 

345000 

0.10 

200000 

0.20 

321500 

0.1053 

0 

0 

0 

0 

0 

# 

0 

6 

0.90 

300000 

0.1u 

150000 

0.05 

272700 

0,0909 

270000 0.0901 

7 

0.90 

300000 

0.25 

120000 

0.10 

260800 

0,2170 

258000 0.230' 

8 

0.96 

545000 

0.10 

200000 

0. 20 

335400 0.1020 33OQ0O 0,109' 

9 

0.92 

345000 

0.10 

200000 

0.20 

326000 

0,1040 325000 0.108 

10 

0.84 

345000 

0,10 

200000 

0.20 

309100 

0.1090 310000 0.103 
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‘^ABLE 4.9 { PROQRESSIYE FAILURE lU SUPPORTING BEAMS 

} (Please refer to Fig, 4.31) 


S.Ho. loading Elanents Indicating Pailure Mid-span 

kg/metre ^ 3^f lection 

Gracking von-Mises Yielding of mm 
Failure Steel 


1 

0000 

— 

— 


0. 0000 

2 

3000 

- 

- 

— 

0.5610 

3 

5600 

25,28,29,52 

- 

-* 

0.6730 

4 

4200 

27,30,31,62, 

63 

— 

— 

0.8120 

5 

4800 

59,61 

— 

— 

0.9720 

6 

5400 

93 

- 

- 

1.1140 

7 

6000 

- 

— 

- 

1 . 2620 

C 

6600 

- 

- 

- 

1.3880 

9 

7200 

1»2 

- 

- 

1,5140 

iO 

7800 

3,20,21 

- 

- 

1.6510 

11 

. 8400 

5,19,22,54, 

94 

4 

- 

1.8888 
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OHAPISR V 


EXEBRIM3Ig£L IF/ESTIC-Agl ORS 

Previous investigations cn *v/alls on beans * have 
been reviewed in CSiaptcr 2 and it lis^s been indicated tbat 
the height/span ratio, effect of openings, and the details 
of the founda.tion bean have all been studied in sone detail. 
However, the nature of Ica.ding, conprossive a.t top level and 
tensile loading at the foundation beam level, has not received 
adequate attention. This aspect of the pr-oblen has been taken 
to be the primry objective of the present investigation* 
Variations in height/span ratio, different raortar proportions, 
and the effects of openings which have been all studied by 
earlier investigators v/ere also considered as secondary vari- 
ables in this investigation. Subject to the restriction imposed 
by the availability of sophisticated loading and measuring 
equipment, the tests ha,d to be planned on a rational basis 
to yield the maximum of results* A brief description of the 
experimental programme follows wherein sufficient attention 
has been given to basic properties of materials v;hich have 
been investigated theoretically, besides the b^aviour of 
w'alls on beans, 

5,1. Basic Details 

In this section, these aspects of the experimental 
programe which are common to all tests are briefly presented* 



a) Mat erials » Bricks available at Ka,r 5 )ur, India were 


hand moulded, dried in the sun and burnt in cauntry kilns 

with coa.l or firewoodo One lot of 50C0 bricks was obtained 

commercially and used in the tests. The bricks had average 

dimensions of 22,85 cns. n 11.06 cns. z 6,75 ems. The average 

/ 2 

compressive strength of bricks was found to be 345 kg/ cm. , 
as per ASTM tests. The modulus of rupture had an average value 

p 

of 42,6 kg/ cm. The Young’s modulus E and Poisson’s ratio could 
not be reliably ascertained as the strain gauge readings 
were erroneous. 

Cement used was Portland cement satisfying the relevant 
Indian Standard specifications. Pour different proportions 
of mortar were used, 1:5, 1:5, 1:8 and 1:10, the proportions 
of cement and sand being measured by volume. No lime was added 
to the mortar, contrary to what has been observed in most 
foreign tests. Different walls were built with the above mor- 
tar proportions. The average compressive strengths of these 

mortars in descending order, as measured by 7 cm, cubes, are 

2 

206,0, 43.1, 21,10 and 11.7 kg/ cm. The split tensile strengths 

2 

are 22,8, 4.10, 0.0, 0,0 kg/cm. for the mortar proportions 
as above* 

The brickwalls v;cre fabricated by experienced masons. 

The average mortax thicknoss in bedding layers is 1,7 cms. 

The vortical joints varied in thickness from 1,5 cms to 
2,0 cms. Control tests on brickwork cubes are reported else- 



where. The walls were 11 cins. average thickness, and to 
naintain uniform thickness of mortar joints, wooden, reepers 
of required thickness wore kept as guides while the mortar 
layers (to receive the tricks) were prepared. Thus the width 
of mortar was 9.0 cms,, as against the hrickwall thickness 
of 11.0 cms. The top la.ycrs of the hrickr^ork had a 2.0 cms. 
thick levelling course of mortar and undulations, if any, were 
made up by plaster of paris to receive the steel distribution 
girders . 

Ooncret e . The foundation beams which supported the 
brickwalls were of reinforced concrete, the average size being 
214 cms X 21 cms x 15 cms. f/hile the brickvork was 11.0 cms 
in width, the supporting beam had a 15 cm width. The concrete 
mix used was of constant 1:2;3 proportions by weight with 
Water-cement ratio of 0.5. The beams were cast in appropriate 
wooden moulds and vibrated with needle vibration in several 
layers. The cylinder compression tests indicated an average 
value of 370.0 kg/cm and the split tensile strength was found 
to 32.4 kg/cm^. 

Reinforcement used v/as smooth, round mild steel bars 

of 10 mm diameter, two at top and two at bottom. The yield 

2 

stress of this reinforcement was found to be 3160,0 kg/cm , 

The Young ^s modulus was found to be 2,045 x 10 kg/cm , The 
stirrups were of 6 mm. diameter, smooth round bars, spaced 
at a constant 15 cms intervals. The yield strength of stir- 



2 

r ups- Was fO'jmc'’ to Idg 3000 kg/cn. 

b) Loauiag . She load siaulatcl in the tests was 
uniforriLy distributed load. Per corrarossion loading two 
30 tons hydraulically oporated gacks, fed by a power operated 
20 H.?,, high pressure (IOCOO psi) punp were used. The loads 
could be maintained reasonabl 3 ’- constant by suitable control 
valves. The load from the jacks was distributed throu^ a 
system of girders on to the wall, to simulate a uniformly 
distributed load. The reactions from the jacks 'vere transmit- 
ted to the hea'^/y test floor, through a system of reaction 
girders and tension rods. The test floor had reaction holes 
at 50 ems intervals and this imposed restrictions on the span 
and loading points, Jor the tension loading at bottom level 
of beam, hooks were embedded in the concrete beam with appr- 
opriate anchorage and bond devices, and v^ere pulled down by 
tension bars connected to reaction girders and these girders 
were once again loaded by the hydraulic jacks mentioned earlier. 
The twin box type tost floor with loading facilities at the 
bottom of the tost floor was idea-lly suited for the purpose. 

The loading details for compression and tensile loading are 
sketched in figs. 5,1 and 5*2. 

Instrumentation ' 

Deflections . In deep girders the deformations at 
various horizontal levels are known to be different. Yet dial 
deflectometers of 0.02 mm least count were used to measure 
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rups-wn.s to tiG 3000 kg/cn. 

"b) Loaulrig * She load simlatel in the tests was 
uniforoily distrihuted load. Per corpression loading two 
30 tons hydraulically operated jacks, fed hy a power operated 
20 H.P,, high pressure (10000 psi) pur.p were used. She loads 
could he maintained reasonably constant by suitable control 
valves- The load from the jacks was distributed through a 
system of girders on to the wall, to simulate a uniformly 
distributed load. The reactions from the jacks were transmit- 
ted to the hea-'/y test floor, throu^ a system of reaction 
girders and tension rods. The test floor had reaction holes 
at 50 ems intervals and this imposed restrictions on the span 
and loading points. For the tension loading at bottom level 
of beam, hooks were embedded in the concrete beam with appr- 
opriate anchorage and bond devices, and were pulled down by 
tension bars connected to reaction girders and these girders 
w-ere once again loaded by the hydraulic jacks mentioned earlier 
The twin box type test floor with loading facilities at the 
bottom of the test floor was ideally suited for the purpose. 

The loading details for compression and tensile loading are 
sketched in I'igs. 5«1 and 5*2, 

c) Instrumentation ' 

Deflections. In deep girders the deformations at 
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deflections at the reiiiforccd concrete licaJii bottom level 
only. Dial gauges were used to monitor lateral tilting, if 
any, of these slender v.'e,lls* If there ’were eccentricities in 
the fabrication of the walls or the tilting of the foundation 
beams, (the lateral dial gauges indicating their nature and 
magnitude at top ar.d bottom of the walls) corresponding adju- 
stments were made in loading arrangement to counteract these 
effects. I'Tone of the specimens failed prematurely by tilting. 

Slip . The slip between bottom most brick course 
and the R.C. beam was measured v/ith the help of two dial 
gauges but the slips were too small in magnitude to be recorded. 

St rain . At first, metal studs were patiently affixed 
to the bricks and concrete beams, to monitor the lateral and 
vertical strains; the erratic readings of the Whittmore demou- 
ntable strain meters forced the discontinuation of this process 
and 6 in. single wire 120 ohm electrical resistance strain 
gauges were used to measure longitudinal strains and 1,5 cm. 
flat-grid 120 ohm strain gauges v/orc used to record vertical 
strains and lateral splitting strains across the 11 ems thick- 
ness of brido'/ork, largo number of gauges Yjexe used and a bat- 
tery of switching and balancing units of the S.R.4 Baldwin- 
lima-Hamilton make were used to monitor the strains at more 
than one meas lining stations. 


Measurement of strains In brickwork and concrete 
using electrical strain gauges requires care and precision 



if roliatle records are aimed at. Tlic "best practice for 
preparing the surface, affixing the gauges and water-proofing 
were adopted and reasonable results were obtained subject to 
local stress concentrations, proximitj of cracks and so on* 
She le.ad wires had to be not more than 4 meters in length to 
avoid the capacitance build up and compensating gauges had 
the same lead wire length as the measuring gauges. The gauge 
factor of the various gauges v\?as set at 2.05 (constant) even 
though different lots were used with gauge factors varying 
from 2.01 to 2.10, Ehe error duo to this aspect for large 
strains was neglected while analysing the results, 

d) loads , Ihe jacks and the associated hydraulic 
system were calibrated using a proving ring of 5000Qkg 
capacity and at small loads, 5 percent error was found to be 
inevitable. The specimens were loaded and unloaded several 
times to 25 percent of the first crack load to check the 
performance of the measui'ing and loading systems. Sometimes 
tests had to be postponed for a day or two until all things 
worked to satisfaction, I'he loading was continued at pres- 
cribed intc2r7als so as to have o-dequate rea.dings in the elas- 
tic and post-cracking stage, but near the collapse load ade- 
quate readings could not be recorded in order to remove valu- 
able measuring aqiiipment protecting them from possible damage 
as the specimen failed. Since the hydraulic loading was under 
remote control the loads could be recorded at failure accura- 
tely, and manual reading in proving rings etc, were avoided. 



e) ether Aspects 


Mar^i nal Prot oet 1 on s . The jacks and distribution 
girdervS were chained to rigid points in the loading a.pparatus 
to hang on even when the specimens failed. Only in one case 
there was a sudden premature collapse and the masonoiiy literally 
flew apart. Othenvise gradual failures were noticed. To pre- 
vent lateral tilting marginal lateral restraint with wooden 
cross beams, lightly prestressed b^r threaded rods v/ere used. 
This was found to be quite effective during instrumentation 
and testing. Otherv/ise the specimens, particularly of large 
depth/span ratios could have been tilted by a light push virith 
the hand. In the case of the deepest beam with depth/span 
ratio of 0.90, the specimen was enccosed a.11 round by an open 
crate of reepers of small dimensions which were supported by 
the brick manonry itself, not interacting in any ?/ay w'ith 
the specimen itself. This precaution was taken to prevent 
bricks flying around at colia.psc. 

f) Ora c Ic Ob s ervat j ons . Cracks were narked with black 
mjirkcr as they progressed with loading, ho efforts were made 
to measure the cracks v.dth a hand niicroscope, even though 
they were available for u^e. The chief interest in crack 
observation v/as in identifidng the na.turo and type of failure. 

5.1.1. Description of Specimens loaded in Compression 

In addition to the details furnished in the previous 
section, the following additional data regarding the 
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compression specimens are of interest. The. fclloveing vari- 
ables were studied under conprossive loading. 

a) Depth/span ratios ; 0.35, 0.52, 0,68 and 0.9 

b) Hr.rtar strenfcths ; 1:3, 1:5, 1:8 and 1:10 

a.nd c) Size and location of : Door or window at centre, 

oponings Door or window at quarter span. 

The size of spacimens can be obtained ficom Fig, 5,3. 

The span f03? ’wo.lls on beams’ was kept constant at 2.00 metres 
and the heights v/ere varied. The foundation beans were of the 
sene dimensions and concrete min and were doubly reinforced 
v/ith sane number of rods* Adequate control tests on materials 
were conducted for each specimen and are reported elsewhere. 

The concrete beans were first cast, rolled into position on 
level concrete 'supports. The concrete supports had on top 
37 mm steel plates of 25 cm x 25 cm size with rollers of 32 m 
diameter followed bj^ a. similar top plate. Both supports appro- 
ximated the hinged condition rather than being hinged at one 
end and with roller bearings at the other end. This was done 
to ensure stability cf the wall. There could ha\^e been lateral 
thrusts on these bearings and the perforisfince during tests 
indicated that the concrete supports did not slide on the 
test floor and hence these thrusts should have existed, Oonsi- 
derable time was taken to bring the concrete beams resting 
absolutely level with the help of plaster of paris packed-in 
to corpensate for unevenness of beams during casting. It has 



■beon reported that wood on moulds were used in fabricating 
the R. C. Beams. Steel moulds would have proved better in 
controlling the dimensions and angles of the concrete beams* 
Slight deviation in angles from the right angle can create 
large eccentricities a? th:. brickvalls wore built-up. Bricks 
were soaked in v'ater before laying on mortar beds. She size 
and shape of bricks were kept under control with judicious 
rejection of non-uni fern bricks. Hie mortar thickness on bed 
joints was controlled as described earlier. However the 
vortical joints had bo be adjusted with the eye. The brick- 
work was brought up to the required height approximately and 
additional mortar layer was used' on top to miake up the desired 
depth/spaii rsitio. The walls ivore continuously cured with v/et 
sacks until instrumentation had to be arranged for. After 
allowing the brickwork to dry for 72 hours, strain gauges 
were pasted. The vertical and horizontal spacing of strain 
gauges varied for each specimen, so as to avoid local blemi- 
shes, minor craclcs and so on and detailed measurements of the 
final position of strain rgauges were I'ecordod, Perspex pieces 
were affixed with Iralditc wherever deflection measurements 
had to be made so that the dial gauges could easily adjust 
for tilts, rotations and deflection of the beam. It has already 
been reported that the briclevalls were of 11.0 ems thickness 
and the concrete beams wore of 15.0 cm thickness. 



5.1 . 2 . Description of Instrmentation for Ooinpressiye 
Loading 

TliC following is n general description of the nature 
of the instrunentat ion adopted for- ccnprcssioii tests* Some 
of these neasurements v/orc omitted as tine consuming and 
unnecessary as the tost scries progressed and additional 
readings were recorded ir. some cases to thrcov light on pre- 
vi'-'usls^ observed behavio'a- patterns. The general pattern of 
instrumentation is sketched in Pig. 5*4-. 

The vertical deflection at heam bottom level of the 
beam were recorded by dial deflcctomet ers , A maximum of five 
gauges wei’e used and in most tests only the central deflection 
Was recorded. The lateral deflections wex“e measured to indi- 
cate ?i?hether the specimen tilted, A tota.1 ".f six gauges were 
used three at top of the o/all and three at the bottom and 
as loading progressed these gauges weia wa^tched. At the sli- 
ghtest indication of laacral riovenent, the loading was stopped 
the cause of ecentricity oncertaAned, correction made, if any, 
and the loading v/as continuod. This process was found to he 
necessary at the first few loading, unloading cycles. Once 
the loading was found to be satisf actor:/ the test continued 
with suitable increments of loading. 

The slip between the brick layer and top of concrete 
beam were recorded using two dial gauges a.ttachod to the top 
reaction plate, which adjusted for rotation cf the deep 



girder at supports as the loading progrecsud. Thus rotation 
effects were nullified, but slips a,lone were recorded. This 
Was done at hoth ends of the wall to observe unsymnetrical 
behavioiu? and in aln -st all cases the slip was negligible 
and the use- of these gouges was discontinued. 

The vertical sti/-in distribution across a horizontal 
section at the botten uost brick layer weis recorded by SA 10 
120 ohn resistance gauges of Indian manufacture and about 
nine gauges were used to monitor the stra-ins. The horizontal 
strain distribution at several vertical section were recorded 
by SA 150 , single wire 120 ohms strain gauges* A minimum of 
6 gauges and a mazimum of 30 gauges were used to monitor 
the horizontal strains. The very large conpressive stresses 
concentrating at the supports, created cracking and vertical 
splitting of these thin briclcwalls and lateral strains across 
the thickness of the wall and vertical strains above the 
supports were also measured at several bricks to throw li^t 
on this phenomenon. 

The cracks were moxked by black markers as the cracks 
progressed. The stra.in gauve readings were found to be erratic 
if the cracks vrere close t - a strain gauge. The interpretation 
of strains after creacking is bound to be erroneous and more 
so v;hen stresses arc computed from these using large elastic 
moduli for brick and concrete. 



steel strn.ins ir^ the reir-forcenent were not measured 


and such noasurenents could 
regarding redistribution cf 


have yielded valuable information 
nonents be-t.'/Gon R. 0. beams and 


brickvv'a,ll3. 


5 . 1 # 5 . description of Speciricns Loaded in Ic-nsion 

Rive specimens wore loaded in tension, the following 
variables being considerc-r' : 

a) H/1 = 0.35, 0.52 and 0.68 (l&rtar 1:3) 

b) Mortar 1:5, 1:5 and 1:8, (H/L = 0.52), 

The basic difference between compression and tension 
specimens v/as in the loading pa.ttern only, the load in the 
tension specimens being applied through embedded hooks in 
the concrete beam. Iho concrete bean of the same dimensions 
as in compression tests series, ha,d 22 mn diameter U h-oks 
enbedded in the concrotc at 1/8, 3/8, 5/8, 7/8 points of 
the spa-n at 50 cms. intervals. The c.uicretc beams v/ere cast 
upside do'/n, so that the projecting hooks could be accommodated 
The concrete nix preportio; s, the method of casting, curing, 
details of control specimeais and the method of ccnstruct-ing 
the brick nasonr^o wore identical with the compression test 
specimens. A 15 cm x 22 cm x 10 me plate v;as v/elded to the 
’U' hooks tc provide a.dequatc bearing resistance for the 
tension hooks. Slight deviations in the alignment of these 
honks created enormous difficulties during loading. Special 



tension bars vvith , sliding: pins vvcre nade to transmit the 
load cominp, on the distribution girders to the concrete bean. 

The twin box c'xLvort type of test floor oosaila,ble in the 
structural laboratory was ideally suited for loading fron 
underneath, (fly. 5.2). Thu diioonsion of specinens can be 
obtained fron fig. 5.5. 

5.1.4. Doscrintion of Instrument at ion for Tensile loading 

The instrunentaticn for tensile loa.ding was of the 
sane set-up as described for conpression loading. It was 
evident from the very first load increnent that tensile load- 
ing creates separation in the mortar beds between the brick- 
work and the R.O. bccun. The separation v^as predominant at 
25 percent of the ultimate load and thereafter the reinforced 
concrete was taking the load with the v/ali simply riding 
along acting as a self supporting arch on the supports. Even 
though visible slips at ends of the deep brick wall were not 
noticed, slip measurements would have given valuable infor- 
mation. The central deflection and strain measurements in 
vertical and horizontal stra,in gauges were of interest. Eat oral 
deflection gauges were employed to indicate tilting, if any. 
However, tilting could not be compensated for in tensile 
loading as in the case of compression loading, hy 
the jack position. Fortunately lateral tilt was negligii’^'^ 
and none of the specimens failed by tilting. Cracks wefC 



prixiarj’' interest in tensile loading 
black narker as the loaling progress 


end v/ere tco.ced with 


Gu. « 


5.1*5. De scription o f P lai n R.G. S c an Jests 

It was necessary' to c"'nparo the flexural load card- 
ing capacity of %alls in beans ^ with those of the plain R.G. 
beans supporting the walls. In most cases the R,G. beans were 
cracked under full %alls on beans ^ test, but their ultimate 
strength was by no ncajis exha^usted. The raode of failure in 
coinpression tests v/as primarily due to the brick failure. 

Such supporting beans were salva.ged and subjected to two point 
loading and their behaviour has been recorded. The tensile 
loading invariably led to the foundation beam failing in 
flexure after separating from the brickwork in the midspan. 

A separate specimen v/as hence ca^t to examine its behaviour 
without a v/all on top. Tests on this beam indicated a higher 
ultimate load than those in compression tests (previously 
described). This could be due to extra bond and anchorage 
steel in the tension specimens and the specimen not being 
cracked dae to prior loading. The instrumentation for these 
tests essentia„lly consisted of the central deflection measure- 
ment with dial gauges. 



5.2, Results of Control Tests on Bricks 

5.2.1. General 

The variation in the properties cf bricks has been 
claimed to be one of the reasons for large safety factors 
associated with oriolcvork, 'The dimensions have variations, 
the strength of bricks in cor:5)ression and tension is not uni- 
form, the density is also -or.rying in nature. lEtiese variation 
in turn generate a randomness in the basic properties of 
briclevork and hence the cissumpticn of honogoneity customarily 
made in solutions based on the theory of elasticity is viola- 
ted. The nature a,nd magnitude of the interaction introduced 
by this non-hoHKDgeneity can be studied only if the nature 
of fundamental variations axe reasonably established. Tests 
were conducted on bricks and sit 5 >le sta.tistical analyses v/ere 

made . 

5.2.2. Dimensional Tolerarres 

The bricks comiuorcially available at Kanpur, India 
’were hand mouldod, dried in the s'an and burnt in country kilns 
v/ith firewood or coal. Because of this laboim?-int ensive method 
of maiiufacturo ■'roxiations in dimensions and density should 
have been present and these variations were- studied on a 
sample of 30 bricks from a bulk supply of 5000 bricks and the 
results are given in Table 5.1* Simple statistical analysis 
showed that the length, breadth and depth of bricks had 



coe-fficient s of vari-'ition cf 0,78%, 0,99*/, 3Jid 0,51% , 

She area and valirac of bricks haci coefficients of variation 

of 4.12/. and 5.5% . Eie coefficient of variation for density 
v/as found to bo 3. 77. .She average dimensions cf bricks 
were fennd to be 22.85 ens x 11,06 ems x 6,75 cns. The avera- 
ge area v as found to be 252,8 £q,cn, , flat-wise and the 
o,vera.ge density v/as 1,710 gr.s/cc , The avGra.ge of volumes 
turned .‘ut to be 1705 cubic centimetres. The average wei^t 
for BGlf-Vi?eight calculations works out to 2,91 kgns/brick. 

The results are surprisingly^ consistent for a much maligned 
material such as brick, 

5.2.3. Strength in Gom n rp .s sicn 

Because of the unevenness in the brick surface and 
also the ’frog^ ■'^r recess in the top surfeaco, compression 
tests conducted even '-fter filling the recess with 1 :3 mortar 
and levelling the surface with a thin layer of mortar a.t top 
and bottom, did not yield consistent results. As such bricks 
Were cut to sisc in a power saw a,nd c'^rapression tests wore 
conducted as per ASTM 067-52. The tests were conducted in 
Olsen* s 200 tons IJ.T.M. The results indicated a strength of 
345 kg/cn. Tests conducted on full length bricks, without 
cutting, but with mortar filling and facing showed lower 
strength. The results indicated a strength of 242 kg/cn. The 
results obtained from full brick tests were only 70 percent 



cf the strcncth 'bt nine cl- 
Masnnrj^ ic:; t? In:- nchicvcu 
of speeinens f.-^r strength 


on cut bricks. If Gngineex'cc’. Brick 
then st-jidardiznticn of the size 
of briclcioork deserves special 


attention. 


5*2.4. kedulus '■! Nu rture Tests 

The ricdulus of rupture tests vere eGiiducted on 

7 inches span with the bricks bonding flatv/iso and the load 

being applied centrally. Standard fixtures available with 

OlSEN^s U.T.M. were used for the purpose., The test results 

2 

indicated the nodulus of rupture va,lue as 42,6 kg/cn, 

5,3. Results of Oontrol Tests on'Mortar 
5.5.1, General 

The effect of raortar strength on the strength of 
brictovork and walls on beans was of prinars;" considera.tion 
and special attention was devoted to this a.spGct during testing. 
The nonunifomity in briclcvvork, particulcarly due to v/orknan— 
ship is nainly due to the nason adding the required anount 
of water to achieve wox-ka.bility as and when he builds up the 
several laj'ers. Even though measured quantity of water was 
given fer all batches, there v/ero less or more water ^lsed 
depending upon the humidity in the surrounding atmosphere 
and the degree ^f v/etness of soaked bricks used in the 
construction. Mortar cubes and discs were produced as per 



standard specifications (scnetimcs vibrated in the concrete 
casting table) and hand tamped until water appeared on the 
surface. Steel moulds v/erc used for the mortar cubes but 
v/oedon noulhc, specin.lly fabricated, were used for the discs. 
After 24 hours of curing under v/ct cloth, they were scahed 
in water, air-dried on the tosting date and tested in the 
Baldwin cc -pressing- testing naoliino under standard rate of 
loading. Split tests were conducted with plyv/ood strips pla- 
ced dirrotricall;^ opposite to each other. 

5.3.2. Gompression fosts on lifortar Cubes (7 cm) 

Mortar proportions 1:3, 1:5, 1:8 and 1:10 were used 
in the mas-mry work. Since a large number of walls were 
built of 1:3 mortar, the test results for 1:3 mortar are 
more numerous. Gonpressivc strengths of mortars as obtained 
from cube tests (? cm) arc given in Tables 5.2, 5.3, 5.4, 
and 5.5. It is seen that the coefficient of variation (35*67) 
as computed in Ta,ble 5.2 is quite large showing the varia- 
bility in mortar strength. Lfcrtar is an important source of 
no n-h omo ge n ei t y , 

5.3.3. Split Tension Tests on Mortar Discs 

Due to no n-avo.il ability of disc moulds in large 
numbers, fewer tests were conducted on discs and discs made 



cf 1:8 ''.n:'! 1;1Cnort:-rc shovverl no^lirible tensile strcngtli. 

The 1:10 eiort.-ir spocinens oven during handling and 

tests could not ho conduct orl on such spcciriens. All ]propor— 
tims were by voluno -nid -v/c ratio vuns attenpted at 1.0, hut 
as described oarlier, there rore vorieti :ns depending upon 
anbient tenperuture and hunidity. The split tension results 
are given in Table 5.6. The discs were of 7.5 ens diameter 
and 5 ems in thicloiess. 

5.4. Results of Qontrc l Tests on Concrete 

5.4.1. General 

Concrete was used in the beans supporting the brick- 
walls. The beans were of 214 ens x 21 ens size. The nix 
proportion was 1 :2:5 by weight ,and w/c ratio was maintained 
at 0.5 by weight. The concrete was mixed in a 5/7 eft, 
vertical drum ccncreto mixer for three minutes and the batches 
were cast in layers in ’wooden form work .of appropriate size 
a.nd vibrated with one inch dionotcr needle vibrators. The 
top Was screeded and wet ganny bags were used to cover the 
top of the hern. The bo-ons were dcnoulded after 48 hours, 
covered with fpinny bags and kept moist for 21 da^,J's. The re- 
inforcement details in the beans are discussed elsewhere. 

5.4.2. Gonpression Tests on Concrete Cylinders 

Concrete cylinders were cast in 6” dia. x 12” steel 
moulds with a steel base for each batch of concrete nix. 
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The cylin.Iers v;erc vibrated in the sejne riaimer as in the 
test bean to sinula.te I'ealistic casting conditions, tro?/elled 
level, covered v.dth v/et cloth, denoulded after 24 hours and 
cur-.;'- in water tcjilcs upto 28 days. The C3’'linders were removed 
from water, caepe-d with plaster of pao’is on both sides, using 
gla.ss plates, level plg,tfor;s and accurate spirit level and 
kept ready for tests or; the s.ane -da3' as the tests on corres~ 
ponding c -ncretc tecaus, Gcnera.llv two months elapsed between 
the date cf c?,sting tli-e c^'^linders and testing then. 

The conpressicn tests on concrete cylinders were 
conducted in Olsen's 200 tens U.T.M, and a sta.ndard rate of 
loading of 2000 psi/ninutc was applied until first crack, 
iond gradual failure v/a.s imposed on the specinens by a.djusting 
the rate of loading. The results of compression tests indi- 
ca.ted an average cylinder strength of 370 kgns/sq.cn. with 
a standar.! devia.tion of 67*5 kgms/sq.cn. The coefficient of 
variation is 18 percent a,nd this indicates poor control since 
the specinens were cast on 10 different days. 

5.4.3, Split Tesrs on Oencrete Cylinders 

The tensile strength of concrete was obtained from 
cylinder split tests. Two pl 3 rv/ood strips of 1,25 ens width 
and 5 nn depth were interposed betv/een the concrete cylinders 
a.nd the machine platforms and a rate of loading of 2000 kgms 
per minute was maintained until sudden splitting oc cured* 



The- averare tensile siren/ah v/as found to be 32,4 kg/sq.cia 
and the coefficient of variation was foimd to be 21,75 per- 
cent. 


5.5. Rosiilts of Gontrol Testa on Reinforcenent 

5.5.1 . General 

Pl.ain nild steel bcors were used for reinforcenent 
in the foundation bean. Tv-o nuiobers of 10 nn diameter at 
top and tr/vo nunbers at bottom were used for all tests. The 
shear stirrups v;ere of 6 nm clia. bars, uniformly spaced at 
15 cnis spacing throughout the beaia. In none of the tests the 
steel in the doubly reinforced be.ems were in distress. It 
is the brick wall which shov/ed evidence of fa.ilure. 

5.5.2. Tension Test o n Mild Steel Bars 

Tension tests on mild bars were conducted in Olsen’s 
200 tons IT.T.II. and the strains were measured by Olsen’s IVIT 
transducer. The stress-strain cur\’-e was automaticallj’- plotted 
in a X-Y plotter for the "'O mm diameter bars. The stress- 
strain curve for mild steel is replotted to convergent scale 
and is shown in Fig. 5,6, The Young’s modulus for 10 mm bars 
was found to be 2,045 r 10^" kg/sq.cm, and the proportional 
limit was found to be 2700 kgm/sq.cm. The yield stress varied 
for different specimens and the 0.2 percent yield value was 
found to be 3160 kg/sq.cm. The percentage elongation v/as 
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fcuiid to be 38 r-ercert. The ;/ield. stress for 6 mm bars was 
foTiP-d to be 3000 kgia/ sq.cm., 

5«6. Results of Control T ests on Bricicv'vork 
5,6.1. General yailat .ion s in Ocmpresslon Strength 

The most interesting aspect of bricktfvork is that 
v/hen bricks and mortar- are combined to yield brickwork the 
resultant strength in vertical oompression (■unia;xial) is 
found to be often less tha.n the minimim strength of either 
of the two materials. For example, the mean strength of 
bricks only was found to be 345 kg/sq.cm, and that of 1:3 
mortar was found to be 206 kg/sq.cm. But the mean compressive 
strength of bricks with 1,25 cm. mortar facing on one side 
was found to be 133 kgm/sq.cm. The mean compressive strength 
of bricks with 1,25 cm. mortar facing on both sides v/as 
found to be 110 kgm/sq.cm. Strergth of brick cubes in three 
layers with two mortar joints was found to be 101,3 kgm/sq.cm. 
The strength of three layer brickwork with tv/o additional 
mcrtar facings was found to be evenless at 96.5 kgm/sq.cm. 

The mors the number of layers of mortar the lesser the stre- 
ngth, but the strength approaches an asymptotic minimum value 
of about 98.0 kgm/sq.cm. The results of various tests on 
brickw’ork are given in Tables 5,7 to 5.11* 



5.6.2. I.'!oduIus of Elasticity of Bricky>’ork 


For the a.nalyEis of walls on beams the elastic 
properties c± brickwork 'were required, l^se of electrical 
strain ga^uges in vertical and horisontal direction gave 
erroneous results. Hence def lectomefeers were used to average 
the inevement of machine platforms betv/een which the brickwork 
Vlas coEqriressed. The results of tests are given in Tables 
5,12 and 5.13. However, the Young’s modulus obtained from 
these dial gauge readings was found to be quite low and con- 
sidering that strong bricks and mortars have been used these 
moduli were auiwe low. Inadvertently the defoimation of the 
machine platform itself might have been measured, giving 
large strains and hence the lev; Young's Modulus. The measure- 
ment of lateral and vertical strains to determine the Poisson' 
ratio also led to erroneous results and the use of electrical 
strain gauges for this purpose was not found to be satisf- 
actory. The stress-strain curves for brickwork are plotted 
in Figs. 5.7(a) and 5.7(b). The stress strain curves show 
a very low initial modulus and eventually become stiffen in 
behavioixr. This aspect is important in that the masons build 
brickwork by spreading mortar in layers and just levelling 
the bricks on top of this mortar and eventually fills the 
vertical joints with trowel. There is no such thing as con- 
solidation as per standard specifications. Hence the measured 
mortar strength based on standard tests has no realistic 
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tasis fore predicting the mortar strengdih in ■brickv'/ork. IPhis 
v/eak 'bedding’ of mortar in turn creates local flexure and 
this may be one cf 'che reasons for vertical splitting of 
briclr’/ork vvxien unia:':ially compressed, liie lav Xoung^s Modulus 
measured in the tests may be justified on the basis of un- 
consolidated mortar'’ joints, 

5 • 7 • Presentatio n or lest Bata cn '7 alls._ on Beams 
5.7.1. G-e neral 

Various investigators have already identified the 
primary variables effecting the behaviour and strength rf 
v.’alls on beams. The height/span ratio, effect of brick and 
mortar properties on the bdiaviour of v/alls, and the effect 
of openings have all been investigated, Ihe recommendations 
made for practical design of such beans may however end up 
in unsafe designs, particularly when the designer is not 
conpletely aware of the nature of tests conducted on which 
these recommendations are based. Most of the design recommen- 
dations are based on coD 5 )ression tests. ’This kind of loading 
is quite unrealistic in the sense that in multi— storeyed 
structures or in foundation beams it is only the self-weight 
of the wall that comes on the beams. The floor load is often 
transmitted to the reinforced concrete beams directly from 
the slab at the bottom of ‘walls on beams' and not at top of 
the walls. In practice there is mortar filling or gap between 
the top of the v/all and beam above it, Sven thou^ self 
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weiglrc of ’.vails is quite heavy when compa,rc4 v.’ith the floor 
loads directly coming on the reinforced concrete beams, 
the direct loe.ding of the foundation beam is more critical. 

One is conqjressive from the top down and the other is tensile 
directly at the bottom. In tensile loading, arch action, deep 
girder action, truss action etc., are all missing and the 
reinforced concrete beams separate from the wall at the bottom 
rrrost brick layer, Ihe beneficial interaction is no more present 
and for such tensile loads the recommendations made by various 
investigators may be safely overlooked. Hence in the present 
test series compression and tension loading have been taken 

i 

to be the primary variable^.^ Ihus the test results arc presented 
separately. However, in the compressive loe.ding investigation 
additional variables such as the height /span ratio, effect of 
mortar strength and effect of openings were studied. In the 
tensile loading case height/ spam ro,tio and effect of mortar 
strength wero the additional variables investigated. Since the 
study is one of interaction botwoen haiclewalls and reinforced 
concrete beams the basic strength of sucli concrete beams were 
also invest iga.t cd and test results arc presented separately, 

Il'io natur-e of ttst'^^ conducted and the instrtiment ation 
have boon detailed eamlier in the main part of the report. 
However, a brief summary is presented so that the accompanying 
test results can be studied and interpreted without reference 
to the main text. The reinforced concrete beam for all tests 
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v;ero of the dimension and concrete strengdli, Tlic rein- 

forcement details v< ore identical. !I!he "beejns were of size 214 ems 
X 21 ems X 15 cms. Ihc width of the beem was 15 ems on which 
slender briclcwalls of 11 ems width were built up to the required 
heigjit. The reinforcement was two numbers of 10 mm dia. bars 
at top and two numbers at bottom of the be, am. The beams -were 
thus doubl.'y' reinforced. The stirrups were of 6 imi diameter 
at 15 ems. spe.cings throu^iout. This reinforced concrete beam 
was suppcirted on steel pins and appropriate steel plates at 
200 ems. span interval. The concrete mix used Vi/as 1:2:3 by 
Y/ei^t with a water cemant ratio of 0.5. 

■Tnc briclowalls were built near the testing equipment 
inside the laborator.y by experienced masons. The bricks v/ere 
22.85 ems x 11,06 ems x 6.75 ems size. The average mortar 
thickness v/as 1.70 ems. The width of mortar joints v/as not 
the same as the Vvidth of bricks. They were 9 ems in VYidth as 
against the v/idth of bricks of 11.0 ems, riominal restraining 
system wm used to prevent such walls tilting during loading 
and before the coiiniencsment of loading. The vertical joints 
were not of uniform thickness. The top laj^or of the brickw'alls 
Y/era ha.ving a uniform mortar layor of 2 cns. thickness, to 
receive the steel distribution girders on a,dditional plaster 
of Paris levelling layers. 

The Y/alls v/ere compressed by two 30 tons jacks fed 
by a 20 H.P. poY/er operated high pressure (lOOOO psi) pump 
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and load v/ae naintainod constant by control valTCs, The loads 
froH the jacks were Ciistributod through a system of girders 
to siniulotc; imifoiTi lor-.ding. 

Tensile lo^-'ding v;as effected by a systen of four 
hooks enbedded in tlic reinforced concrete beam and sane two 
jacks were used to dis'cribute loads to these tension bars 
through a conplicatecl s3estere of girders and pins. 

The twin-bos t^/pe test floor available in the insti- 
tute was eminently suited for loading these specimens . Addi- 
tional tension rods, reaction girders, bracing systems, roller 
bearings and hinges were built up as required. 

The instrumentation consisted of deflection gauges, 
slip gauges and latera.1 deflection meters all using accurate 
dial gauges mounted on suitable rigid stands. The stra.ins were 
mea.sured with a large number of electrical strain gauges of 
the 120 ohms type. The vertical strain measurements in brick 
work was made on the bottom most brick layer •nly and the 
strain gauges had 1.25 ems grids. The horizontal strains were 
measured with 15 cris long jin^e wire strain gauges. Attempts 
to measure strains v;ith demo wen. table Ihittmore type mechanical 
strain meters lud to erremic results and these were disconti- 
nued cofter the first tost. 

The electrical strain gauges were also used in some 
tests to measure latcral-splitting-tension in brickwork. 
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The slip gauges v/cre discontinued since there v/as 
no measureahle slip betv.’eer briclc^/all and the reinforced 
concrete beans. 

The lateral deflection dial gauges v;ere kept on to 
check whether there is any eccentric loading on the wall* 

In fact the loading j acke v;ere slightly offset from the theo- 
retical centre line if anj'- such tilting was noticed* 

The electrical strain-gauges wore hooked on to SR4 
portable strain indica.tors thxou^ a battery of 10 channel 
switch boxes, A nunber of in'dicators were simultaneously emp- 
loyed to reduce the tine interva.1 required for measurements 
at each stage of loading. 

Most of the specimens v/ero loaded and unloaded two 
or three times upto 25 percent of the first crack l*ad to 
create initial compression in morta,r and to adjust for eccent- 
ricities if any. None of the speciraens failed by tilting. Only 
one specircen failed by collapse of brick work due to sudden 
release of load at failure and crack pattern coiiLd not be re- 
corded. 

Grades were raarked as the cracks progressed but only 
the final crack pattern at failure is presented, 

for safety of instruments and personnel, measurements 
often stopped before failure actually occured. This was 
unfortunate and lack of remote recording facilities forced 
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tliir’ s :cp to bo taJcon. 

5.7.2* Results fron 3; pGc ir:>,ns Lo a'I ed in Conpression 

The nononcl *’.t;ure ucgcI to iGsignrite the corapression 
test specimens, the priiae.ry vo.rioJbles and dates of casting, 
v"all fabrication and testing are given in lablo 5.14. The first 
crack lo.al and ultimate I'-’ads of such spccinens are given in 
Table 5.15. The corresponding mortar strengths, brick strengths, 
and concrete strengths fron control tests are given in Table 
5.16. The load deflection, load-horizontal strain, load-verti- 
cal strain, horizonta.1 strain distribution across a vertical 
section and vertica.! streiin distribution along the bottoci- 
Eiost brick layer are presented in one composite figure for 
each test, so that a perspective of the behaviour of these 
v/alls on beans can be easily obtained. These graphs are plo- 
tted in Pigs. 5.8 to 5.18. The crack patterns at failure 
loads are given in Hgs. 5.19 to 5.29. Tabulated readings 
a.re filed in the department of Civil Engineering as a separate 
report and are not furnished herein. Critical discussion on 
the behaviour of these specimens is to be found in the ensurng 
sections . 


5.7.3. Tests on Spec h nens Loaded in Tension 

The nomenclature used to designate the tension test 
specimens, the primary variables, and the dates of casting, 
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wall fabrication and testing .are given in Table 5.17. Hie 
first crack load and ultinate loads of sueb. specimens are 
given in Trbic 5.18. The corresponding brick strengths, laoirtar 
strengths and concrete strengths from control tests are sum- 
arised in Table 5.19. The load deflection, loa.d-horizontal 
strain, load-vertical strain, hoirzontal strain distribution 
across a vertical section .and vertico.1 strain distribution 
along the bottom most brick layer arc presented in one composite 
figure for each specimen so as to present a comprehensive beha- 
viour pattern and these graphs are plotted in Pigs. 5.30 to 
5.34. The crack pa-tterns at failure loads are given in Pigs. 

5.35 to 5.39. 


5*7.4. Control Tests on Reinforced Ooncreto Beams 

In most of the tests even thou^ the concrete beam was 
cracked its ultimate capacity was by no means exhausted even 
when the wall built above it collapsed. These beams were re- 
loaded to failure by tv/o point loading and the ultimate oapa- 
citiGs of these beams are recorded in Table 5.20. Deflection 
measurements were also taken in a few cases -and they are tabu- 
lated in Table 5.21, These are plotted in Pig. 5.40. The control 
beam for tensile loading had to be mcCjiuf actured afresh since 
tensile loaded wsdLls on beams failed by separation of brick 
v/ork and eventual failure of the concrete beams by plastifi- 
ce^tion. These results are an^ilyscd in subsequent sections* 
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5 ■» 8 « Analysis of Test Data 

The letailel description of experimental procedures 
presented earlier identifies the controlling parameters, sources 
of error and difficulties in the study of walls on heads. In 
conjunction with the details furnished hy Fiorato, Sozen and 
Gamble (C 6) end Rosei'fia.upt (C 13), future investigations can 
be planned to jrield more accurate experimental da,ta,. Ihe large 
amount of data accumulated from the tests have not been pre- 
sented in full. Only those data which are of helpful in the 
formulation of design recommcnd.ations will be snalysed in 
detail. 

5.8,1. Basic Behaviour of Bricl<work: 

The brick and mortar themselves vdll be examined first 
before discussing the behaviour of briclevork. The physica.1 
dimensions of bricks hare coefficients of variation C^, less 
than one percent. Areas and volumes have coefficients of varia- 
tion in the order of 5 percent (Table 5.1). The wei^t of bricks 
used has a of C,43 percent, Oonsidcring that these bricks 
are hand made and fired in country/ kilns, their physical details 
are quite satisfactory^. Considering the strength of bricks, 
the strength in compression v/as found to be 345 kg/sq.cm, with 
Gy = 22 percent, indica.ting large scatter. The mortar used 
(Table 5.2) had a mean strength of 206 kg/sq.cn. v/ith Ov = 35,6 
percent. The tensile strength of mortar (1:3 by volume) was 
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found to be 22.8 kg/sq*cE. TIig components of brickv/ork namely 
brick and nortar suffer obviously from poor qurulity control. 
The strength of brickivork is bound to be affected by these 
variations. Obsorvations on the behaviour of brickv^ork are 
s unn ar i s e d b e 1 ow , 

1) TiiG nuvbcr of mortar layers in brickwork seems 
to have a dotrinental :ff ;ct on the compressive strength of 
brickwork as tabulated below: 


a) One layer of mortar 133. C kg/sq.cm. Table 5.7 

above the brick 

b) Two layers of nortar, 1 10,0 kg/'sq.cm. Table 5.8 

above and below 


c) Three courses, five 101,3 kg/sq.cn. Table 5.9 

layers of nor tax 

d) Three courses, five 96.5 kg/sq.cm. Table. 5.11 

layers of mortar with . 

vertical joints o.nd 

1 0 a d ed p c-rp e ndi cu lar 
to bed joints. 


e) Saxe as above, but 67.5 kg, /sq.cm. Table 5.11 

loaded paiaallel to 
bed joints. 


In all these cases, the node of failure has been predominantly 
the vertical splitting mode and computer simulation studies 
have indicated that l,atcra,l tension in bricks exist v;hen the 
Efa r£itio is rot kept in the order of unity. 
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2) tnu orick lias a strength of 345 kg/sq.cm, 

.and the ricrtar use:! has a strength of 206 kg/sq.cn,, it is 
unfort unit 0 that the resulting briclcvorh hrs a strength of 
133.0 to 67.3 kg/sq«cia, jHig efficiency is less than 50 percent 
in terns of strength. 

3) Burlier investigators ha*^e reported strengths 
of brickwork higher tliaji that of nertar strength (k 4) and 
this indicates tha,t qualit3' control on the brick laying pro- 
cess itself is irportant. Brickwork is so faniliar tha.t proper 
attention has not been given in Indie, to the efficient utili- 
sation of bricks and nortccr available, 

4) Oonputc-r sinulation studies of the author have 
indicated tha.t vortical joints induce local flexure and hence 
tension in brickwork is inherent. 

5) The sinplest guide line that ca,n be given for the 

design of crack free work is to keep ratio /®n^b 

close so unitj'. Ih-is rea.ll3' means the condition of homogeneity. 
When apprcaches the effect af vertical joints is mini- 
mized. In addition, if ^va.lues approach each other, the 
influence of bed joints in generating lateral stresses is mini— 
nized, This concept can be extended to multi-phe^se composite 
media. 

Regarding the elastic moduli for brickwork (B and /") 
the Structural Clay Products Institute (C 20) advocates a 
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rnoduluG of 10CXD » v/hcre f is tlio 28 coapressive, 
strength of brick, nothing is nontioncd about the Poisson’s 
ratio, iho follov»’ing observations on elastic constants 
are valid. 

1) According to Sddl, the Young’s nodulus for brick- 
work under study should b- in the order of 100,CX)0 kg/sq.cn, 

2) ihc computer simulation results arc in the order 
of 310000 kg/sq.cn. (fable 4.8). 

3) Ihe theory of conpositc materials indicates 
309100 kg/sq.cn. (Table 4.8). 

4) The values measured in the laboratory are in the 

order of 10000 kg/sq.cm., that is 3 to 10 percent of various 

theoretical prec’ictions. ' 

5) The above coraparison indicates that there is much 
work to be done in rationalising the elastic stiffness of brick- 
v/ork. 

.6) The explanation of the author for the above discre- 
pancies is as below. In assigning the ela.stic modxili ©f brick 
,and mortar for purposes of coinputer simulation and for use 

I 

in the theory/ of conposit o materials the equation 1000 f was 

n 

used. However, the stren^gth of mortar as measured from vibr- 
ated mortar in standard specimens ca,nnot relfect the strength 
of uncorpacted mortal' and this is the main reason for reduced 
modulus. This is confiined by the appreciating stress-strain 
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curve obt'iino:! br the '-luthor (Pig. 5.7) uicl reports of C.N.S, 
Rao, in the Internati'aial Ocnfercnco on Masonry Structural 
Systen’s o.t the Univero.ity af Texas (Rov. 1967). It is suggested 
that the- elastic noduli b"- neasured fron tests on standard 
specinens of brickvaorh until such tine v/hen a reasonable theo- 
retical approxiiaation cor be proposed, 

7) Purtlicrnorc the reasurocL elastic ncduli parallel 
to. bed joints arc seen tc bvo si,gnificortly different from the 
above tests (Table 5.13). 

The author has used neasured values in the computer simu- 
lation of walls on be^ms. There is very little information on 
the values of Author’s experiments have not yielded reli- 
able results. 

5.8.2. Basic Bch-aviour of 'calls on Beams 

1. The sp ccirn :-ns t'esoecl in compression arc described 
in Tabic 5.14. lie first crack era ultimo.tc loads are summarised 
in Table 5.15. It is eloa;:‘ly seen that the ultiErate strengths 
arc in the order of 20.44 to 51. 3S tonnes as against the capa- 
city of plain R.G, beams which are in the rarge of 7.80 to 9.24 
tonnes (Table 5.20), Hence it car be concluded that interaction 
between walls and their supporting beans increases the loa.d 
carrying cap>acity by 2.5 to 6 times the capacity of non-inter- 
acting systems. Tensile loading of similar avails on beams has 



shown a constant capacity of 12,5 tonnes, and the increase 
in load carrying capacity over and above the plain R.C, beams 
can thus be neglected in such cases, 

The basic behevioun patterns of walls on beams under 
compressive loading hove been plotted in figs, 5.8 - 5.18, 

There is a wealth cf information in these test data; but the 
load defleccion curves a;id vertical and horizontal strain 
distributions are of interest. Kie follcwing observations are 
valid: 

1) The cone entra.t ion of vertical strains in the suppo- 
rting region is reflected by the vertical stress distribution 
in computer simulation (fig. 4.20). 

2) The concentration of flexural strains in the suppo- 
rting beams is reflected in the computer simulation, (figs, 

4.20 to 4.24). The briclcwall is relatively free from large 
conrpressive strains, as indicated by the vertical stress dis- 
tribution in simulation studies, 

3) However, the large vertical strains on either side 

of openings observed in tests is not reflected in the computer 
simulation studies (fig. 4.29 and 4.30), This may be ascribed 
to the poor attention given to stress concentration effects 
in the finite element modelling of walls on beams, finer meshes 
around openings could ha.ve helped. 
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4) Kic deflection curves show non-lineax trends mainly 
due tc cracking. These will he studied in greater detail in 
subsequent section* 

The crack patterns of ultimate loads are furnished 
in Mgs. 5.19 to 5.29 arc these may be vi 0 ¥ed in conounctlon 
with the first crack loa.ds given in Table 5.15. The following 
obse 2 r/-ations- are valid: 

1) The first crack loads in the cases of large openings 
and poor mortar in brick.vcrk are in the order of 40 percent 

of ultimate loads. 

2) In plain walls vvith rich mortars (1:3 and 1;5 by 
volume) and window openings, the first crack loads are in the 
range of 48.5 percent to 73.5 percent. 

3) Cracks are not acceptable in brick masonry constru- 
ction and in general 33.1/3 percent of the observed ultimate 
loads may be taken as ’wcrloing l^ads. First crack loads are 
compared later on with the working loads obtained frem conputer 
simulation, 

4) The crack patterns show extensive separation between 
mortar and bricks and shear cracks in brickwalls at ultimate 
loads. Furthermore the supporting beams are found to be cracked 
extensively. The tensile cracks over the supports has been 
predicted in the computer simulation studies. 
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5) It is clc-tr tliat crack limited states are important 
in the design :f walls on hcans. ‘^hilc there is reserve 
strength of significont magnitude in the brickwalls interacting 
with their supporting beams, this reserve cannot be exploited 
in design uiitil the local cracIcLng beliavicur of brickwork is 
controlled. 

The case of tensile loading at supporting beam level 
has been given particular at.ention in this study. The load- 
response characteristics a.rc plotted in figures 5.30 to 5*34-# 
The first crack and ultimate loads have been given in Table 
5,18, The crack patterns at ultimate loads have been plotted 
in Pigs. 5.35 to 5.39. The following observations are valid, 

1) The ultimate loads in tensile leading are inseiv- 
sltive to height— span ratios and mortar strengths indicating 
little interaction, if any, 

2) The first crack loads are in the order 18 to 29 
perceno of ulximate loads, 

3) Cracking ana separation between mortar and bricks 
are extensive, 

4) The supporting been could be pulled down at mid- 
span by 3 ems without th’^ brickwall riding along. At the very 
early stages of loading tic brictovall separated from the 
reinforced concrete beams. 
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5) It is thus obvious that interaction between brick- 
walls and their supporting beams cannot bo relied upon in 
the case of floor leads being directly transmitted to the 
beams nf the framed building. 

6) Only in the case of direct compressive loadings 
can the interaction be gi^'on attention* 

Additional tests c 'nductod on salvaged beams are indi- 
cated in fable 5.20 and deflections a.re plotted in Pig. 5.40. 

In comparison -with the strength of walls on beams under tensile 
loading the observed ultimate strength of these salvaged beams 
are in the order of 75 percent, Ihis is mainly due to the fa*t 
that two point loading was used at l/5rd span intervals in 
the tests on salvaged beams, whereas uniformly distributed 
loads were simulated in the tension tests on walls on beams, 
Thus the strength of plai ? R.C. Beams can be taken to be that 
obtained in the tensile tests on walls on beams. 

In the following sections the effects of individual 
parameters will be given due attention. 


5.8,5. H/L Ratio Effect 

Hie overall perfoimrnce of a structural member is best 
studied throu^ load— deflection cur'/es. Hie effect of H/L 
ratio has been separaeced frem the others in the load defor- 
mation graphs plotted in Pig. 5.41. It is seen that H/L ratios 



210 


of C*52, 0,68 Mi'I O.i^O have 'icflcctions which are quite close* 
The tensile loafing oases have been plotter! to indicate the 
beha.vi:ur of plrin R. C. boejns without briclcvalls. The elastic 
deflections in v.'o.lls on beans of H/l ratio greater than 0.5 
(built v/ith 1:3 mortar) axe 25 percent of the plain beams. 

The computer simulation ■'ralues have also been plotted in the 
same figure sho'o'ing reasonable correlation. Besides the ulti- 
mate leads, the deflection curves also indico.te the presence 
of beneficial interact ienr 

5.8,4, Effects of Mortar Strengthxs 

The effect of nortax strength has been separated and 
the corresponding load deflection curates are as indicated in 
Fig, 5.42. Mortar proportions of 1:3 and 1:5 have more or 
less similar effects and 1:8 cond 1:10 mortar proportions are 
better avoided. The 1:5 mortar is affected by cracking as 
seen from significant nonlinearity in the load-deflection 
curves. Thus 1:3 mortar sesms to be idca.l for brickwalls inte- 
racting vfth supporting beams. It has alreaxly been suggested 
on the basis of computer simulation that it is better to bring 
up the mortar strength tc the level of the strength of bricks 
in use. Thus the exporinent.a,! obscjm/ations strengthen this 
recommendation. It has already been reported that the strength 
of mortar ha.d little influence on the strength of walls on 
beams loaded in tension. 



5.8.5t Effects of Openings 


The effects of openings have hcen isolated in the 
lo?.d-def lection curves given in Fig. 5.43. It is seen that 
plain walls and wall-^ v/ith central door and window openings 
have more or loss idonsical elastic response. It has been 
pointed out that this will ho the case as per computer simula- 
tion studios. Appli'd load seems to he transferred to the 
supports thus reducing hending effects on the heam-wall system* 
This is not however true in the cone cf eccentric openings. 
Eccentric door openings reduce interaction effects signifi- 
cojitly. It is thus concluded that interaction benefits should 
be neglected in the case of eccentric openings, particularly 
Vv'hen the eccentricity is in the order of I /4 of span length. 
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TABLE 5.1 : VARIATION Bl DIMSIONS AIO> DBTSIgY OP 
USED IN lESTS ON 7/ AIDS ON BEAl^S 


S • • 

lengtli 

cms 

Breadth 

Gms 

Depth 

cms 

Area 

sq.cms 

Volume 

cc 

Weight 

Icgms 

Density 

gms/cc 

1 

23.0 

11.0 

6,6 

253.0 

1670 

2.80 

1.678 

2 

23,6 

11.5 

6.8 

271.5 

1818 

3.10 

1.707 

3 

22.8 

11.0 

6,7 

250.8 

1680 

3.00 

1 .786 

4 

23.1 

11.4 

7.0 

263.5 

1843 

3.00 

1.628 

5 

22.8 

10,9 

6,6 

249.5 

1640 

2.80 

1.708 

6 

22.6 

11.0 

6.9 

248.6 

1714 

2.95 

1.721 

7 

22,6 

11.1 

6.8 

251.8 

1705 

2,80 

1.643 

8 

22.9 

11.0 

7,1 

251.9 

1789 

3.10 

1.733 

9 

22.8 

11.5 

6.9 

262.2 

1811 

2.90 

1.602 

10 

22.7 

10.9 

6,8 

247,6 

1684 

2.80 

1.662 

11 

23.4 

10.8 

6.8 

252.5 

1720 

2.95 

1.716 

12 

22,0 

11.0 

6,8 

242.0 

1646 

2.80 

1.702 

13 

23.0 

11.0 

6.8 

256.3 

1745 

2.95 

1.691 

14 

22.8 

10.9 

6.6 

248,5 

1642 

2.90 

1.767 

15 

23.4 

10.8 

6,6 

252,5 

1668 

2.90 

1.750 

16 

22.7 

11,0 

6.8 

249.7 

1698 

2.90 

1.708 

17 

22,4 

11.4 

6i7 

260.0 

1742 

2.95 

1,693 

1» 

21.5 

10.0 

6.8 

215.0 

1462 

2.80 

1,915 

19 

22.5 

10.6 

6.6 

238.5 

1577 

2.80 

1.778 

20 

22.8 

11.0 

6.8 

250.8 

1706 

3.00 

1.759 

2t 

23.2 

11.4 

6, 6 

264,4 

1745 

2.9 

1.662 

22 

22,7 

10.6 

6.2 

240.5 

1491 

2.7 

1.810 
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TAB3IE 5.1 : (COKTD. ) TAlllAglOH IK PmENSIOUS AND D3ISI'PY OE 
USED IN TSSIS ON WALLS ON BEAMS 


S.No, 

length 

cms 

Breadth 

cms 

Depth 

cms 

Area 
sq., cms 

Volume 

cc 

Y/ eight 
kgms 

Density 

gms/cG 

23 

23.2 

11.5 

7.0 

266,8 

1868 

3,1 

1.660 

24 

22.9 

11.1 

6.7 

254.2 

1704 

2.9 

1.703 

25 

23.2 

11.4 

6.9 

264.4 

1841 

3,1 

1.683 

26 

22.9 

11.0 

6.4 

251.9 

1613 

2.8 

1.735 

27 

23.0 

11.1 

6.9 

255.3 

1729 

2,9 

1,678 

28 

23.4 

11.2 

7.0 

262.0 

1835 

3.1 

1.689 

29 

22.3 

11.7 

6,7 

260,8 

1750 

2.8 

1,600 

30 

22.70 

10.9 

6.5 

247.8 

1609 

2,8 

1.741 

a 

22.85 

11.06 

6.75 

252,8 

1705 

2.91 

1,710 


0.1785 

0,1098 

0.0345 10.40 

94.C 

0,0126 

0,063 


0.787, 

0,997- 

0,517* 4.127. 5.57. 

0.437. 

3.77* 
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MLE 5.2 : GOIgRlSSIOK TESTS Oil 7cm MORTiR GUBES , 
PROPORTION 1:5 BY VOLUME 


S.No, 

Bate of 
Casting 

Date of 
Test ing 

Eailure 

Load 

kg. 

Conro. Stress 
fjjj kg/sq.cm 



1 

27.7.71 

21.9.71 

8700 

177.5 

28.5 

812 

2 

27.7.71 

21.9.71 

15100 

510.0 

104.0 

10816 

3 

27.7.71 

21,9.71 

15400 

314.0 

108.0 

11664 

4- 

8.8.71 

21.9.71 

9000 

184.0 

22.0 

484 

5 

8.8.71 

21.9.71 

12900 

263.0 

57.0 

3249 

6 

8.8.71 

21.9.71 

11450 

233.0 

27.0 

729 

7 

22.8.71 

21 .9.71 

10250 

200.8 

5.2 

27 

8 

22.8.71 

21.9.71 

10700 

218.0 

12.0 

144 

9 

22.8.71 

21.9.71 

9100 

186.0 

20.0 

400 

■K) 

22.8.71 

21.9.71 

7600 

155.0 

51.0 

2601 

11 

22.8.71 

21.9.71 

10800 

220.0 

14.0 

196 

12 

22.8,71 

21.9.71 

10200 

208,0 

2.0 

4 

13 

22.8.71 

21.9.71 

11100 

226,0 

20.0 

400 

14 

22.8.71 

21.9,71 

9150 

187.0 

19.0 

361 

15 

22.8,71 

21.9.71 

10100 

206.0 

0.0 

0 

16 

22.8.71 

21.9.71 

9150 

186.0 

20.0 

400 

17 

22.8.71 

21.9.71 

11300 

230.0 

24.0 

576 

18 

22.8.71 

21.9.71 

13500 

275.0 

69.0 

4761 

19 

28,8.71 

1.31.71 

15650 

320.0 

114.0 

12996 
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TABLE 5.2 : (GOMTD,) GOI -I PRESSIOn TESTS ON 7cia MORTAR CUBES , 
PROPORTION 1 ;3 BY VOLTOIE 



Date of 
Casting 

Date of 
Testing 

Eallure 

Load 

kg. 

Canp, Stress 

f -f rr, 

m m 

, _ 2 2 




sq.cm 




20 

28.8,71 

1.11.71 

16050 

326,0 

120.0 

14400 

^2 

=: 

177528 

55 

21 

28.8.71 

1.11.71 

16000 

325.0 

119.0 

14161 


22 

28.8.71 

1.11.71 

8750 

178.0 

28.0 

784 ^ 5380 

23 

28,8.71 

1,11.71 

13100 

266.0 

40.0 

1600 


24 

28.8.71 

1.11.71 

16050 

326.0 

120.0 

14400 


25 

12.9.71 

1.11.71 

4500 

92.0 

114.0 

12996 

( r = f 5380 

26 

12.9.71 

1.11.71 

5950 

122.0 

84,0 

7056 

75.5 

27 

12.9.71 

1.11.71 

9900 

204.0 

2.0 

4 


28 

12.9.71 

1.11.71 

7900 

172.0 

44.0 

1936 


29 

12.9.71 

1.11.71 

4950 

101.0 

105.0 

11025 


30 

12.9.71 

1.11.71 

4400 

90.0 

116.0 

13456 

CV = 73_.5 x '‘ 

*20u 

31 

12.9.71 

1.11.71 

5900 

120.0 

86.0 

7396 

= 35.6/, 

32 

25.9.71 

1.11.71 

2600 

55,0 

153.0 

23409 


53 

25.9.71 

1.11,71 

6900 

141.0 

65.0 

4225 





f 

m 

206.0 

2 

177528 




214 


' GO&IPRESSIOK ggSTS ON 7cm MORTAR CUBES 
( PROPORTION 1:5 BY VOLUME ) 


S*Nn. Pate of Pate of Pailure Load Comp, Stress Remarks 

Casting Testing Kg, fm Kg/sq..cm. 


1 

12.9.71 

1.11.71 

2250 

46.0 

2 

12.9.71 

1.11.71 

1750 

35.5 

3 

12.9.71 

1.11 .71 

2050 

42.0 

4 

12.9.71 

1.11.71 

2500 

51.0 


A-verage 


45.1 Kg/sq.cm 
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JABLE 5,4 : COIgRBSSIOH TESTS OH 7cm MORTAH GIBES 

( PaOPORTION 1 ;8 BY YOLIBES) 


No. 

Date of 
Casting 

Date of 
Casting 

Failure load 
Ig. 

Comp. Stress Remarks 
Kg/sq.cm 

1 

19.9.71 

1.11.71 

750 

15.2 

2 

19.9.71 

1.11.71 

1500 

30.4 

5 

19.9.71 

1.11.71 

o 

o 

8.2 

4 

19.9.71 

1.11.71 

1000 

20.4 

5 

19.9.71 

1.11.71 

1250 

25.5 

6 

19.9.71 

1.11,71 

1000 

20.4 

7 

19.9.71 

1.11,71 

1550 

27.5 




■^Terage 

21.10 Kg/sq.em. 


tKSm 5.5 : (xmmsssiov nssss oh 7ca M}ia?Alt COBBS 
( PROPORTION 1;10 BY YOIClffi ) 


S*N», Date of Ifete of Failure Comp, Stress 

casting testing load, Kg. Kg/sq.cm. 


1 

26.9.71 

1.11.71 

480 

9.8 

2 

26.9.71 

1.11.71 

570 

11.6 

3 

26.9.71 

1.11 .71 

585 

12.0 

4 

26.9.71 

1.11.71 

560 

11.2 

5 

26.9.71 

1.11.71 

600 

12.2 

6 

26.9.71 

1.11.71 

655 

13.4 


Remarks 


Average j 11,7 Kg/sq.cm. 
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TABLE 5,6 s SPLIT TESTS ON MORTAR DISGS 

(SIZE; 7«5 cms. DIAMETER x 5cms. THIOKIESS) 


S,N*. Morfcar Date of Date 

Proportion casting testing 


plittii^ Tensile Remarks 
Strength. 

Eg/sq.cm. 


1070 


18.0 


1 

1:3 

8.8,71 

21.9.71 

2 

1:3 

8.8.71 

21.9.71 

5 

1:3 

22,8.71 

21.9.71 

4 

■ts3 

22 . 8.71 

21 . 9.71 

5 

1:3 

22.8,71 

1.11.71 

6 

1:3 

22.8.71 

1.11.71 


1 

1:5 

12.9.71 

1.11.71 

2 

1:5 

12.9.71 

1.11.71 

3 

1:5 

26.9.71 

1.11.71 


1 

1:8 

19.9.71 

1.11.71 

2 

1:8 

19.9.71 

1.11.71 

3 

1:8 

19.9.71 

1.11.71 


945 

16.0 

1375 

23.0 

750 

12.5 

2000 

33.5 

2000 

55.5 

Average 

22.0 Kg/ sq.cm. 

215 

5,60 

250 

4.20 

270 

4.50 

Average 

4.10 Kg/sq.cm 

0 

0,0 Specimens 


failed under 

0 

0*0 negligible 

0 

0,0 

Average 

0.0 Kg/sq.cm 


*1:10 mortar discs failed even during handling. 
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TABLE 5. 7: ULTIMATE STRENGTH OE BRICKS IN WIAXIAL 

OOMPRESSIOH, WITH OHE LAYER OF 1 ;!> MORTAR , 



1 

.25 cms 

THICK 



s. 

No. Size 

cms 

Area 

sq.cm. 

Ultimate 

Load 

Kgms. 

Ultimate 

Stress 

Kgm/sq.cm, 

Remarks 

1 

22.85x11.06 

253.0 

28250 

112,0 


2 

22.85x11.06 

253.0 

48750 

192,0 


3 

22.85x11.06 

253.0 

32000 

126.0 

Railed by vertical 

4 

22.85x11.06 

253,0 

25000 

99.0 

splitting mf 

5 

22.85x11.06 

253,0 

38250 

151.0 

specimens. 

6 

22.85x11.06 

253.0 

26500 

105.0 

Brick by itself 

7 

22,85x11.06 

253-0 

43 500 

172.0 

has an average 

8 

22,85x11.06 

253.0 

35000 

138,0 

strength af 345 K^sq. 

9 

22.85x11.06 

253.0 

32000 

126.0 

cm. 

10 

22.85x11,06 

253-0 

27250 

108.0 



A verage ; 133 «0 Kg/sq.cm * 
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TABLE 5»G t TTTJTMATE mn) OE BRIGSS II GC2'/!PRESSI0K WISH 

TffO 1.25 CMS layers QE 1;3 MORTAB. AT LOP Al?I) BQgPOM 


2 2 , ^ .2 


S 

Area 

sq.cm. 

Ultimate 

Load 

Kgms 

Ultimate 
Stress .f-u 
Sgms/sq.Gm, 


— pJ±^ 131a- 

^ rk£ 

1 

253.0 

25500 

103.0 

7.0 

0049 

2 

cT” = 406 

2 

253.0 

29750 

110.0 

o 

• 

CO 

0064 

20.0 

3 

253.0 

25750 

110,0 

0,0 

0000 

cT' = 20,0 Bricks 

4 

253.0 

29750 

118.0 

8.0 

0064 

generally 

5 

253.0 

19750 

70.0 

32.0 

1024 

^ 20x100 

Ov ■■ — mailed 

6 

253.0 

20750 

82.0 

28.0 

0784 

* 10 , 27 . 

7 

253.0 

23750 

94.0 

16.0 

0256 

splittinc 

8 

253.0 

25500 

103.0 

7.0 

0049 


9 

253.0 

29000 

115.0 

5*0 

0025 


10 

253.0 

25500 

102.0 

0.0 

0064 


t1 

255.0 

25000 

99.0 

11.0 

0121 


12 

253.0 

29250 

116.0 

6.0 

0036 


13 

253.0 

22000 

07.0 

23.0 

0529 


14 

253.0 

23750 

94.0 

16,0 

0256 


15 

253.0 

32000 

126,0 

16.0 

0256 


16 

253.0 

24750 

90.0 

12.0 

0144 


17 

253.0 

29000 

115.0 

5.0 

0025 


18 

253.0 

20000 

111.0 

1,0 

0001 


19 

253.0 

23000 

91.0 

19.0 

0361 
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T A3LB 5»8 (OQ lTll D.) 


ID LTEblJE Ud^Ji OF BRIGKS lil GQEgRESSIOH 
¥ITE B70 1 .25 C!!.1S LAYERS 0? 1:3 MfRTiiR 
i.v T OP ilKD B O T EOLI 


S.Io. 

Area 

Sq.cm. 

Ultimate 

Load 

Ivgms 

Ultiaat 
stress , 

% 

kgm/ SQ* 

20 

253.0 

287 5 0 

114.0 

21 

253.0 

20550 

81.0 

22 

253.0 

29250 

116.0 

23 

253.0 

26000 

103.0 

24 

253.0 

29750 

118.0 

25 

253.0 

23000 

9t.O 

26 

253.0 

33250 

132.0 

27 

253.0 

26750 

106.0 

28 

253.0 

30750 

121.C 

29 

253,0 

26000 

103.0 

30 

253.0 

26500 

105.0 

31 

253.0 

30000 

119.0 

32 

253.0 

27000 

1C7.0 

33 

255.0 

24750 

98.0 

34 

253 .0 

45000 

170. U 

55 

253.0 

39000 

152.0 

36 

253.0 

25250 

100.0 

37 

253.0 

30250 

120.0 


ma- 

^ rks 


4.0 

0016 

29.0 

0841 

6.0 

0036 

7.0 

0049 

8.0 

0064 

19.0 

0361 

22. • 

cua g'i^ 

4.0 

0016 

11.0 

0121 

7.0 

Of 4 9 

5.0 

0025 

9.0 

0081 

3.0 

0009 

12.0 

0144 

60,0 

3600 

42.0 

1764 

10.0 

010# 

10.0 

0100 
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T';jLr 

5.8 (GC4 

■ f JlX 

niLTE LO.xD OF 

BRICKS I 

H COIFRESSIO:: 



'li 2770 1.25 g'L 

iOP .J'l) BCfPOI 

3_LLYERS, 

9?. li.?, 

S.IJo, 

4rea 

Sa .cm. 

Ultin-'u 

Load/ 

Ultimate 

4* * X* 0 tZi L'.' 

Kg/sq .cn. 


Senia- 

- ? 

fb4/ii 

38 

253.0 

39250 

153.0 

45.0 

1849 

39 

253.0 

26750 

106.0 

40.0 

0016 

40 

253.0 , 

26250 

104.0 

6.0 

0036 

41 

253.0 

29000 

115.0 

5.6 

0025 

42 

253.0 

2500C 

99.0 ^ 

11.0 

0121 

43 

253.0 

16750 

\ 

66.0 s 

44 . 0 

1936 

44 

253.0 

35250 

140.0 

30.0 

0900 

45 

253.0 

41500 

164.0 

54.0 

2916 

46 

253.0 

35500 

141.0 

31.0 

961 

47 

253.0 

2725C 

108.0 

2.0 

- 0004 

48 

253.0 

28750 

114.0 

4 . 0 ' 

0016 

49 

253.0 

280C0 

111.0 

1.C 

0001 

50 

253.0 

29750 

1 is.;o 

8.0 

0064 




.me irO.Ckg/s: 

Q.cm, 
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5 C0M2R:.S SI0 ir S^RBHGTH OF BRI OIv GIJ3SS 
VTl-H 0?HR2 3 GO IHSR S OP BiJGK S (1; 21 


S . 1^0 • 

Ertc of 
Cast iiig , 

Date of 
testing 

Mo it ax 
Prop- 
ortion 

Size, ems Ultimate 
Ixbxh DoF.d 

Kgrms 

Ult imate 
Stress 

Kg/ sq.cms 

1 

19.7.71 

13.9.71 

1:3 

23.5x22.5x22.5 51250 

98,9 

2 

19.7.71 

13.9.71 

1 :3 

23.0x22.0x22.5 61000 

120.0 

3 

19. 7. '^1 

13.9.71 

1:3 

22.0x23.0x23.0 53500 

105.4 


Average 101.5 

sq.cms* 


'lABLE 5.10 : C dlPRESS I YE STR OIlG gH OF BRI G S OIBSS WITH 
a5iR5B GO^ IRSLS 0? B HICI ffl (1:8) 


S.No. 

Date of 
Casting 

Dot e of 
Testing 

Mortar 

Propo- 

rtion 

‘ Sise,cns Ultins.te 

Ixbxh lo ad 

Kgms 

Ult imat e 

Stress 

Kg/Sq.csm 

1, 

13.S.71 

13.9.71 

1:8 

22.5x22.0x22.0 37250 

75.3 

2. 

13.8.71 

15.9.71 

1 :8 

22.5x23.05:21.5 41000 

79.0 

3. 

15.S.71 

13.9.71 

1 :8 

22.0x22.5x22.0 33250 

67.2 


Avera.ge 73.4 Kg/ 
sq, ems. 
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5,* j .(/"J. • 


CDLZPRSscioF tSjSTs o i; brick pri sis, 

A.;3 EO'^'rOI.; TO2.-.R PACIUG 05’12 


LOAD PEPMIDICULAR LO 3EIDIITG 


. F 

m -ihi gknbss 


S.No. Date of Late of Ivbrtex Sise of Ultimate Ultima- Rem- 

Casting Lc:~ting Propo- Prism, cms load, te Str- arks 

rticn Lxb:di Kga ess 

Kg/sq.cm 


1 

25.4.72 

15.8.72 

1:3 

22.2x10.5x25.0 

24000 

102.0 

2 

25.4.72 

15.8.72 

1:3 

22.2x10. 6x25.0 

25000 

106.0 l)Yerti- 
cal 

3 

25.4.72 

15.8.72 

1:3 

22.5x10,5x25.5 

17500 

74.5 splitting 
failirre 

4 

25. ^.72 

15.8.72 

1:3 

22.8x10.5x24.8 

24500 

98.0 

5 

25.4.72 

15.8.72 

1:3 

22.5x10,5x25.0 

24000 

102.0 2) Density 
1,98gm/ce 


Average; 96,5 ^g/ 
sq.cm 


* Middle lajro::- ! lad a vertical mortiir joint also. 
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TABLg 5,11 (b ) 


aoiiPREssion oh brick p-:iisms, nim 
12.,, jiS , Moar.ji rAOiiiG Rpma 
do AD PAIUXL3.1 go JOIEES) 


S.iJo. Date 


n 


Date of 


asting 1‘fcsting 


Mort:ar Size of Ultiiaa- 

Propor- Prism, Gms te 
tion I'xD^do IC'Cjd, 

Kgms 


Ultima- Rema- 
te rks 

Stress 
Sg/sq* 
cm. 


1 

27.4.72 

15.6.72 

1:3 

24.0x11.7x26.0 

20500 

73,5 

1 ) Yerti- 
cal 

2 

27. ^-.7 2 

15.8.72 

1:3 

24.5x11.3x26.0 

18550 

66.8 

Splitting 

Failure 

3 

27.4.72 

15.8.72 

1:3 

24.5x1 15x25.0 

20550 

73.2 


4 

27.4.72 

15.8.72 

1:3 

24.6x11 .3x26.0 

12550 

45.0 2)Densi- 





24.5x11 .5x25.0 



ty= 

5 

27.4.72 

15.8,72 

1:3 

1 6550 

59.0 

1,88 

gm/cc 






kVi 

srage 

67.5 


** 

Kiddle Bjric: 

1 ' ha.d a 

ho ris 

cnta,l mortar joint elso. 
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Tab 

LS 5.12 

: STRES3-S0 

RAI2I READINGS FO 

R^miliKlAI 

LY GOI-IPf 

xSSiB 



3RICIC PRiSiS OIPH 

MORTAR 

LAYERS HOR 

■I20NIAL 










S.Ko 

• Lc c -i 

Stress 

Def 

De?o?^ 

Average 

Strain 

Youngs 


Kgns 

Kg/sq.cm. 

ma-t ion 
ranixlO^ 

mat ion 
niTnxIO^ 

Deforma- 

tion 

(r.m) 

xIO-^^ 

Modulus E, 
from graph 




S^SGBI 

EN - 1 




1 

0 

0 

C 


0.00 

0,000 

1? — 
jii 

2 

2500 

10.75 

253 

200 

2.17 

8, ‘58 

10600 kg/ 

sq.cm. 

3 

5000 

£1.50 

303 

267 

2.85 

11.40 


4 

7500 

32.25- 

344 

306 

3.25 

13.00 


5 

10000 

43.00 

382 

347 

3.65 

14.50 


6 

1 2500 

53.75 

413 

377 

3.95 

15.80 


7 

15000 

64.50 

440 

404 

4.22 

16.88 


8 

17500 

75.25 

464 

430 

4.47 

17.88 


9 

20000 

86.00 

488 

453 

4.70 

18,80 


10 

22500 

96.75 

512 

477 

4.95 

19.80 


11 

24000 

FIRST 

C11A.GK AITE FAILURE 






SFLGIME 

:h - 2 




1 

0 

0*00 

0 

0 

0.00 

0.00 

E = 10,000 

2 

' 5000 

21.50 

320 

280 

3,00 

12,00 

Kg/sq.cm 

3 

10000 

43.00 

400 

360 

3.80 

15.20 


4 

15CC0 

64 .50 

457 

415 

4.36 

17.44 


5 

20000 

86.00 

510 

473 

4.91 

19.64 


6 

22500 

96.75 

536 

500 

5.18 

20.72 



(FIRSLc CRACK) 
FAILURS LOAD 


7 


25000 
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gABLB 


SgR B SS -STR AlI^^ RSABIMGS gOR Ill'll / i.[I ,ALLY 
OOH PBE SS35D BRICK PRISH 3 IIITA i,-I01g.a 
IATERS HORIZOHSAI. 


Tij 

S.ilo. load, Kg Stress Dexorraa- 

Kg/sq.cm tion 

2 

^ ^2) 
Defolia- 

Average 

Strain 

Youngs 

tion 

dcf 0 rma- 


Modiili’ 

1313X10 

EEXl 0 

tion 

(min) 

E, 

from 

grapD 





SPBGIMEI1-3 




1 

0 

C.OO 

0 

0 

C.OO 

0,00 

10000 

2 

5000 

21.50 

244 

200 

2.22 

8,88 

kg/ 

sq.cm 

5 

10000 

43.00 

310 

267' 

2.83 

11.52 


4 

15000 

64*50 

364 

320 

5.42 

13.68 


5 

20000 

86,00 

414 

375 

3.95 

15.80 





(FlilSS CRACK) 




6 

22500 

95.75 

449 

407 

4.28 

16.92 





(FAILURE 

L0.J)) 







S^Cl 

IISIT-4 




1 

0 

0.00 

0 

0 

0.00 

0.00 

8020 

2 

5000 

21,50 

352 

308 

3.30 

18 20^^ 

cm. 

3 

100C0 

43.00 

432 

^cp 

V A. 

4.12 

16.48 


4 

15000 


492 

452 

fl r\ 

"t # r 4: 

18,88 


5 

20000 

86.00 

552 

512 

5.32 

21.28 





(FIRST CRAGK) 




6 

22500 

96.75 

585 

542 

5.62 

24.48 


7 

24000 


(FAILUF.E 

LOAD) 






*Ki 


224»jl 


Sr n: gS-STR JkI?' R;:ADiyGS POR UIII iXEA LLY 30IIPRESSEI) 
BRICR PRISIIS 17 ITH liO HTAH Li^YSR S 


■ .No, LoadjlCg 


Stress 
Sg/ sq.cm 


CD 

Deforma- 

tion 

irrixlO'^ 


( 2 ) 

Def orn; 
tion 

.^2 

mnx 1 C 


iLT e-rage 
deforma- 
tion " ' 
(mm) 


Strain Youngs 
ModulUE 

E, 

from 
graph 





SRSGEiEI' 

D 



1 

0 

0.00 

0 

0 

c.oo 

0,00 E = 

2 • 

2500 

8.90 

252 

825 

2.68 

10 72 4800 

3 

5000 

17.80 

330 

362 

5.46 

13.84 cm. 

4 

7500 

2 6.70 

460 

415 

4.58 

17.52 

5 

10000 

35.60 

522 

457 

4.90 

19.60 

6 

12500 

4-:-.50 

558 

492 

5.25 

21.00 




(PIRS'f OEAGE) 




7 

15000 

53 .40 

600 

532 

5.66 

22.64 

8 

20500 


(FAIIURY L 04 J)) 







sPzcaEU- 

2 



1 

0 

0 

0 

0 

O.OC 

0.00 E = 

2 

2500 

8.9 c 

1 65 

203 

1 .84 

7 . 3 ^; 4000 

3 

5000 

n. 8 o 

240 

278 

2.59 

10 . 36 ^®/®^’ 







cm* 

* r 

75 CC 

26.70 

502 

335 

3.18 

12.72 

5 

10000 

35*60 

360 

397 

3 . 7 s 

15.12 

6 

12500 

44.50 

406 

445 

4.25 

17 . GO 

7 

15000 

53 .40 

465 

500 

4.82 

19.28 

8 

17500 

62.30 

525 

565 

5.45 

21.80 

9 

18350 


(PillLURE LC^ 

aD) 
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gA3 1B 5.13 


i;?!' 


<•1 : STA BSS-SJRaIB RSABIBGS BOR 

GO:i>RBSSB3 BRICK PRISI'JS ’.TITH HCRI.JI 


L.-.iSHS YERTIGAB 


S , If 0 . lOcid , IC-:; St r e s s 

ifg/sq .cn 


SPEGIMBlf-S 


1 

0 

c.co 

0 

0 

0.00 

0,00 E = 







5000 

2 

2500 

8.90 

340 

376 

3.58 

14.32 Kg/sq. 

3 

50C0 

17.80 

410 

446 

4.28 

16.92 

4 

7500 

26.70 

460 

503 

4.81 

19.24 

5 

10000 

35.60 

500 

540 

5.20 

20,80 

6 

1 2500 

44.50 

533 

572 

5.52 

22.08 

7 

15000 

53.40 

562 

614 

5.88 

23.52 




(PIRSI CMOK) 



8 

17500 

62.30 

625 

666 

6.45 

25.80 

9 

2000C 

71.20 

672 

711 

6.92 

27 . 68 

10 

20555 


(F.5ILURS 

LOilD) 






SPBGII 

.rgN-4 



1 

0 

0.00 

0 

0 

0.00 

0.00 E= 

2 

250C 

8.90 

117 

155 

1.36 

5.44 

3 

o 

8 

17.80 

177 

220 

1.98 

7.92 sg.ca 

*' i" 

7500 

26.70 

224 

267 

2.45 

9.80 

5 

10000 

35.60 

260 

305 

2.82 

11.28 

6 

12500 

■y;.50 

293 

537 

3.15 

12*60 

7 

15000 

53.40 

(PIRSP 

CRAGK) 



7 

1 5000 

.*rO 

380 

423 

4.01 

16.04 

8 

16550 


(PAlIiUI 

tE LOAD) 




tion 

2 

inLixlO 


^ ^(2) 
Beforma' 

tion 2 

mnixlO 


ii-verage 
deicrna- x10‘ 
tion 
(irjii) 


Strain Yoimf 


^+- 


Modu- 

lus 

E, 

from 

.S£§Ek_ 
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01? dPIOICTS lOAHIiS) IN 

- ' iLI lTgl?! GAT ION i.ND G HRO KOLO&IC.Ji D5T 'A3 ■ 


S.No, Specimen' fi/L Ratio J;orta.r fpenings 'Date Date Date of 

Strength of of Testing 

ca,st- Riild- 
ing ing 
R.G. Wall 
Beam 


1 

■^1 

0.35 

1:5’ _ 

Nil 

15.6.71, 

19.7,71 

27.8.7’ 

2 

■ 

0*52 

1:3 

Nil 

11.12.70 

15.4.71 

9. 6.7' 

3 


0.68 

1:3 

■Nil 

15.12.70 

15.4.71 

12,7.7' 

4 


0.90 

1:5 

Nil 

27.7.71 

8.8',7i ' 

20,9.7* 

5 


0.52 

1:5 

Nil 

18.12.70 7.7.71 

5.8,7’ 

6 

^5 

0.52 

1 S8 

Nil 

17.12.70 

18.7.71 

19.8.T 

7 

=4 

0.52 

1:10 

Nil 

25.6.71 

18.7.71 

22.8.7' 

8 

“2 

0.68 

1:3 

Door at 
Centre 

5.7.71 , 

22.8.71 

23.1a’’" 

9 


0,68 

1:3 

Door at 1/4 6,8.71 
Span 

22.8.71 

12.1Q '’I 

10 

°4 

0.68 

1:3 

Window at 
Centre 

25.8.71 

28.8,71 

28.9.7' 

11 

°5 

0.68 

1:3 

Window at 

1/4 Span 

21.8.71 

28.8.71 

16.10.'’ 
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TABLS 5.15 : P IRST GMOK .JTB ULJIMixTE LOADS OF GOIvIPRBSSI OII 
■IB S'! SPBOIM S 


,No, 

Speci- 

men 

No. 

Fx/L 

liatio 

Mortax Openings 
Strength 

First 

Crack 

Load 

Soniaes 

Ult imat e 

Load 

lonses 

First 
Crack/ 
Ult imat e 

1 


0.35 

1 :3 

Fil 

14.60 

20 • 44 

0,71 

2 


0.52 

1:3 

Nil 

29.20 

45.55 

0,64 

3 

<=1 

0.68 

1:3 

Nil 

29.00 

46.72 

0.62 

Sudden 

Collapse 

4 


0.90 

1:3 

Nil 

23.36 

47.88 

0.485 

5 

®2 

0,52 

1:5 

Nil 

17,52 

33.29 

0.735 

6 

B 3 

0.52 

1 ;8 

Nil 

8.76 

23.36 

0.375 

7 

®4 

0.52 

1 :10 

Nil 

17.52 

30.95 

0.565 

8 

°2 

0,68 

1:3 

Door opening17«52 
at centre , 

43.80 

0.400 

9 

“3 

0.68 

1:3 

Door open- 
ing at 1/4 
span 

11.68 

28.616 

0.415 

10 


0.68 

1:3 

7/indQW at 

centre 

36.79 

51.392 

0.720 

11 

°5 

C.68 

1:3 

7/indow at 
1/4 span 

17.52 

32.12 

0.540 
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gj^ELZ 5.16 : EZSZS 0!! SPECDCB IIS L0;J)aD H CaiPRESSIOB - 
GOIIIR OZ ZEST EixJZ FOR HAgBRIAlS, AYZRZGE OP 
L.RGS irUT IBER 0? TESTS 


c 

Speci- 

men 

No. 

- H/1 
Ra- 
tio 

l.Io r- 

try I'** 

Openings 

Bride 

Stren- 

Mcrtar 

Concrete 

4) 

Ifo. 



Strengtli 

Strengtli 

s'^'- 

ength 

-^OLip 

cm 



lension 

Kg/cm^ 

Oomp 

cm 

Ten- 

sion 

oc ^ 

Comp 

Kg/ 

2 

Tension 

Kg/cm^ 

1 


0.35 

1 :3 

Nil 

242 

42.6 

206.0 

22.8 

370.0 

32.4 

2 

®1 

0.52 

1:5 

Nil 

242 

42.6 

206.0 

22.8 

370.0 

32.4 

3 

^1 

0, 68 

1 :3 

Nil 

242 

42.6 

206.0 

22.8 

370.0 

32.4 

4 


0.90 

1:3 

Nil 

242 

42,6 

206.0 

22.8 

370.0 

32.4 

5 

®2 

0.52 

1 :5 

Nil 

242 

42,6 

45.10 

4. -10 

370.0 

32.4 

6 

®3 

0.52 

1 :8 

Nil 

24 2 

42.6 

21.10 

Q.O 

370.0 

32.4 

7 


0.52 

1 :10 

Nil 

242 

42.6 

11.70 

0.0 

370.0 

32.4 

8 

°2 

0.68 

1:3 

Itoor at 
c ent re 

242 

42.6 

206.0 

22.8 

370.0 

32,4 

9 

ri 

'^3 

0.68 

1:3 

Eoor at 

1/4 span 

242 

42.6 

206.0 

22.8 

370.0 

32.4 

10 


0.68 

1:3 

Windov; at 
centre 

242 

42.6 

206.0 

22.8 

370.0 

52.4 

11 

°5 

0, 66 

1:3 

7/ indovv 

1/4 span 

242 

42.6 

206.0 

22. S 

370.0 

32.4 
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■TA3.LE 5.1’ T 


ES5TS on S PBG It^niS LOADED IN 
I]}ni: i?ia..!PION GHROIlOLOGIGil L DET AILS 


S.No. 

Specir.;cn 

!Io. 

K/I 

H.-'-.tio 

Ivbrtar 

Strength. 

Open- 

ings 

Ifete of 
Oast ing 
it. G. 

Beam 

Date of 

Building 

Wall 

Date of 
Testing 

12 

‘■^2 

0.35 

1 :3 

llil 

11 .9.71 

19.9.71 

4.11.71 

15 


0.52 

1 :3 

nil 

4.9.71 

12,9.71 

6.11.71 

1v 

^6 

0.52 

1:5 

Hil 

7.9.71 

12.9.71 

6.11.71 

15 

% 

0,52 

1:8 

nil 

10,9.71 

19.9.71 

5.11.71 

16 

^6 

0.68 

1:3 

Nil 

13.9.71 

26.9.71 

9.11.71 
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FIR ST CIL.O K . JH) LOiJ>S O F TENSION 

TIST SPSQIM S (v.7J,L5 ON BSiJ.E) 


No. 

Spooinien 

i. <0 • 

H/L 

Ratio 

Mortar 

Stre- 

ngth 

Openings 

First 

Oracle 

lead 

Ultimate 
IjO ad 

(Tonnes) 

First 

Crack 

Ultimate 

12 

'"2 

0.35 

1:3 

Nil 

T 

2.336^ 

12.702 

0,185 

13 


0,52 

1 :3 

Nil 

T 

3.504 

11.972 

0.290 

14 

=6 

0.52 

1:5 

Nil 

T 

3.504 

12.284 

0,285 

15 


0.52 

1 :8 

Nil 

T 

2.236"- 

12.202 

0,176 

16 

°6 

0,68 

1:3 

Nil 

T 

2,336 

12.848 

0.192 
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5.20 ; SIT'EuJIY 

OF FLEKDT 

IB TESTS CC 

IXj 0 2 -jI) 

Oil 


R.G. BE. 

J7S S^iVAGED FROM FULL W;Ji 

I^STS 







S.Nc. 

Boasi Source frem 
Pre'"i'o .’3 Tests 

Casting 

Date 

Testirog 

Late 

Ult imat c 
Load 

! Ranarks 

17 

Bean B,, H/L = 0,52 

1j 10 Mertar 

25.6.71 

4.11 .71 

T 

7.800 


18 

Bean B 3 , H/L = 0.52 

1:8 Mertar 

17 . 12.70 

4.11.71 

T 

7.818 


19 

Beam , H/L =0.90 

1:3 rt e,r 

27.7.71 

29 . 10.71 

T 

8.18 

Load-deflec- 
tion measured 

20 

Beam 0,, H/L = 0.68 

*r 

Window Opening at 
Centre 

28.8.71 

29.10.71 

T 

9.24 

tt 

21 

Fresh specimen with 

tension hooks and 

Bond plates inccr- 
porat ed 

15.9.71 

8,11.71 

T 

13.14 

It 
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?;x3LS 5 .21 : LO^IB-BEFIECTIOH TESSS ON S;J,V1GED 

SPIOIMEHS FROM E/JIEIER T lS gS ('TWO P ODIT LOiJDIH&) 


S.No. 

Eon,d 


Deflection 

(mb) 


Tr>ns 

Specimen 

19 

Specimen 

20 

Specimen 

21 

1 

0.0 

c.o 

0.00 

0.00 

2 

1 . 1 68’ 

0.69 

0.87 

0,22 

3 

2.336 

1.66 

1.92 

0.57 

4 

3,504 

2.70 

3.07 

1.35 

5 

4.672 

3.66 

4.07 

2.26 

6 

5.84 

4,66 

5.10 

3.25 

7 

7.0C8 

6,21 

6.37 

4.20 

8 

8.176 

- 

7.30 

5.10' 

9 

9.2.;4 

- 

9.00 

6.17 

10 

10.512 

— 

- 

7.25 





B IttCK 


R-C’C-Biaw 


RM-iXfi, B&yUMii 


Fi4> 5*1- ' Co^fipwE^sioM AfisAu^mmz 




p.f Acr«»i 




.It&ANCiSMSJWT 


2;f4 5ILE 


3ADM4 
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FIG. 5J9-CRACK PATTERN FOR BEAM A.I 
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FIG. 5.20-CRACK PATTERN AT FAILURE - BEAM BJ 







FIG 5.21 -CRACK PATTERN AT FAILURE BEAM. CJ 
(WALL COLLAPSED TO PIECES) 
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no. 5,23. CRACK PATTERN AT FAILURE - BEAM B-2 
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FIG.5.24XRACK PATTERN AT FAILURE " BEAM 3 





FIG. 5.25_CRACK PATTERN AT FAILURE BEAM. B 4 





FIG. 5.26 _CRACK PATTERN AT FAILURE -BEAM C.2 
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FIG. 5 29. CRACK PATTERN AT FAILURE - BEAM C-5 
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FIG.5-32. BEHAVIOUR OF BEAM B 6 
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FIO. 5.36 -CRACK PATTERN AT FAILURE BEAM 







S37^CRACK PATTERN AT FAILURE BEAM . B.6 






FIG 5.38XRACK PATTERN AT FAILURE » BEAM BJ 
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CHAPTER ?I 


Su TulAP.Y 0? RESULTS Al^D DISCUSSION 

In this thesis, the load- response oharact eristic 3 
of b rich.’.' a] Is interacting with their supporting beans have 
been studied. Elastic, post-cracking .and ultinatc stages of 
loading have been covc-rc^. Besides laboratory testing, con- 
puter sinulation studies have been undertaken to isolate the 
effects of several variables influencing the problem. Atten- 
tion has been given to the behaviour of composite materials, 
such as concrete and brictovork, lIon-hoi!»goneity, anisotropy 
and randomness in material properties which characterise the 
behaviour of these materials, have been given special attention, 

Ihc primary aim of the thesis has been the development 
of realistic methods of analysis which could predict the 
behaviour patterns observed in the laboratory, Finite element 
methods of analysis have been chosen for this puj^jose. Besides 
simple elastic analysis, sinaiLation studies have been under- 
taken to trace progressive cracking and other local failures. 
Using incremental-iterative methods of analysis the complete 

load-response curves have_ been obtained, 

- # 

In an attempt to generate realistic design recoEssen- 
dations a critical review of the results obtainc-d from labo- 

' t 

ratory tests and simulation studies, will be made in the 
following pages. Material and structiiral aspects will be 
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separate' for convenience in presentation. 

6,1 Cor.'sutcr Simulation Studies on Ooncrete and BriclcA’ork: 

Concre-f-e and brickrTOrk are two phase composite mat- 
erials aJiQ the assumption of hon»geneity suppresses valuable 
iriforniation on the nature and magnitude of Interaction between 
the constituents, 

Ooncret e : 

The material concrete, has been idealised as a two 
phase composite media v/ith aggregates randomly embedded in 
a matrix of mortar, Bie behaviour of a concrete prism, (20 cma, 
width, 27,5 cms. depth and 10 ems, under compression, 

shear and flexural loads has been studied. Material and geo- 
metric properties in the direction of thickness have been 
kept constant. Subject to these restrictions the following 
results have been obtained. 

1) fhfc clastic constants E, y and G can be more 
accurately predicted through computer simulation than from 
the theory of composite materials, since the random arrange- 
ment of materials has influence on those constants besides 
the volume fraction. 

2) Konhomogencity introduces interaction stresses 
of significant magnitude, sufficient to cause local micro- 
cracking and yielding, resulting in nonlinear load responses 
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under pr.-orreasive loading. 

3) The interaction stresses are self-balanoing 

in nat’xre and cause overall flerure even in unifomly goo- 
pressed specimens. 

4) I’liese local interaction stresses may he viewed 
as perturbations on the stress distributions obtained from 
convent ic:':al theory of elasticity, assuming homogeneity. 

5) These local stresses can be suppressed to approach 
the stresses in homogeneous media by the obvious procedure of 
matching rhe elastic constants of the constituents in a com- 
posite mecia. This may not be possible in practice, but the 
optimisation trend is clear. 

Brickwork s 

1) Bven when briclcA’ ~rk is uniformly compressed local 
flerural stresses and lateral interaction stresses are deve- 
loped. Brick is generally in biaicial tension and the mortar 
is in tri axial compression. 

2) The parameter has been identified 

as an important parameter, whi<^j. when it approaches ’unity 
suppresses critical tensile stresses in briekv/ork. Vertical 
splitting of brickwork, which has been noticed in several 
investigations, reduces its useful capacity. It has been thus 
shown that this vertical splitting under service loads can 
be controlled. 
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3 ) Ocrr.ers of tricks in a brickwali ai’e critically 
strcnfi’:!. It has been shewn that hard inclusions in a soft 
nicdia cf - c'^’^rccs of stress concentration ani cracking at 
cornerr, and ’briclovork is characteristic of sevei«il such 
inclusions. 

4) Ir.orf-asfc in thickness of nertfir generally increases 
tension in critical regions. It is better to have thin bed- 
joints, 

6,2 Computer S±mulation* Results on Walls on Beagis 

The problem of walls on beams, has been studied as a 
plane stress problem in non-hoioDgeneoas, anisotropic media, 
using the finite element technique. Besides simple elastic 
solutions, simulation studies have been undertaken to obtain 
the complete load response curves upto failure, The following 
observations are valid: 

1) The elastic responses are sensitive to the 
elastic constants of the materials under use. Realistic data 
are required, 

2) The elastic responses predicted from computer 
simulatir.. tally with experimental results, 

3) Cemputer simulation can effectively identify 
progr jsr.i-'c cracking and local compression failures and 
yielding of reinforcement. 





4) Stresn-redistribution procedures are necessary 
for raalietic prediction of load-response cur'/es upto failure, 

5) Gnee a pood compute" projra’^me has been devclcpedj 
it can be repeatedly used for parameter studies and generation 
of design charts. This will help in reducing the expenditure 

in laboratory investigations which arc* generally t ime-conafflJ-iug 

and costly, 

6) The safety reserve due to interaction between 
brickwalls and their supporting beams ranges from 1.0 for 
the plain beam to 3.14 for H/L ratio of 0,9, This observation 
is based on elastic stresses in the mid-span of the support- 
ing beam. This may be contrasted with the factor of 12,0 
suggested by R.H. Wood (O 21). Since cracking controls the 
problem, elastic stresses fcitn a sound basis for design. 

7) Gomputcr simulations show that the presence of 
reinforcement reduces the elastic deflection of supporting 

beams c. ■ ‘;C percent. Hence it is suggested that 

the benefit of interaction shoiild not be used for reduction 

cf rainfor: cmert in the s'cr porting buams, tut it could be 
used tc reduce the size of concrete cross section siubject 

to shc-rr control. 

8) Computer simulation studies have shown that 
the pressnee of central door and window openings, in fact 
reduces the critical stresses in the supporting beams, Sid- 
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span bonding moment is reduced due to direct transfei* 
of lo^.d oc the supporting regions. 

9) Eccentric openings have not been simulated 

but it v.-ill be shown throu^ experimental results that eccen- 
tricity openings reduces the benefit of structural inter- 
action -.vallc and their supporting beams* 

10) It must be pointed out at this stage that 
stresses axe not accurately predicted by the finite-element 
method and hence the above recommendations may be viewed 
with some caution. The suggestions of the author seem to 
be conservative. This aspect will be discussed later in 
conjunction with experimental results. 

11) Purtheraore, computer simulation studies 4 » mt 
reflect the concentration of vertical strains <*n either side 
of openings which ha-v^'e been noticed in experiments. 

Finer mesh sices around openings could have helped. 

6,5 Computer Time, Storage and Gomoutational jyfprt_ 

The computer system available to the author is the IS«I 
7C44 system with 32 K memory. Five magnetic tapes could be 
used for storage during computation. The short-jobs which 
were easily permitted were of 8 minutes maximum duration 
and could accommodate the plain beam only. Thus solutions 
for walls on beams could be obtained from long-jobs only 
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■vhich VYcrc avaiia'.'lc ones a week, This liniited the- tire cf thv 
cor.pat c r ri 5 : 3 iifieo.nt;ly for studies on progressive Icadinf:^ 
and in-’r :r.rn-* al itcretivt nethods of analysis. 

Furt'-hermore the Fortran lY Prograr.r.t.' imder use could 

not suppress tmdcr-flov.’s and a local sut -program e hnd been 
in use- 'to suppress upto 32000 under-flov/s. Sven whai this 
routine 'vne called insid- a loop the prograxnue often termi- 
nated without adequate message to enable correction. Often 
several weeks were required to enable the progranme to conti- 
nue execution with large underflows. The increment al-itei’&tive 
methods of analysis had to be abondoned due to this peculiarity 
associated with the Fortran IV processor under use* Since the 
programme was developed sequentially, the author is confident 
that the version appended to this thesis will work satisfa- 
ctorily. It has been tested for several incremental cycles 
and one iteration at which time the underflow could not be 
suppressed, even efter several attempts. 

l at '"rat cry Tes t R esults on Brickwo rk 

Thv ,’olicwing observations are valid on the basis of 

iaboracory tests on brickwork, 

1) The largo scatter in the strength of bricks 
i'hr = 227 .) ?nd the -trength of mortar {Cy = 35.6%) are 
r-:cpon; ilk. fir tne poor quality of brickwork. 
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i) Increase in nunber of mortar layers caff etc 
the strength of brickwork. When the strength of crick is 
:45 ■Qi,''zq.cr., and the strength of mortar used in the order 
of 20C ICf-/rr:.ca. , the strength of brickwork with mortar 
Joints rccuces tc approximately 100 Kg/sq.ca. 'Sven 50 percar.t 
efficiuiioy on the basis of nartar strength could not be 
obtained. 

5 ) Porosity of mortar layers which are not con- 
solidated in the brick-1 ai'ing process is responsible for 
this pc.or performance, 

4-) The appreciating nature of stress-strain 
curveo also indicate the consolidation of mortar under 
progressive Increase in stresses. 

5) The elastic modulus 1, has been found to be 
10 percent cf the predictions based on the theoif' of composite 
materials, once again indicating pcor quality of mortar Joints. 

c) It is thus suggested that efficiency of brick- 
work can be increased considerably by excercising control 
on the bniek-laying process. 

7 ) Verticrl splitting of brietavork has been a 
cotmon feature in the labcratorj’’ tests of the author, indi- 
cating th-: prec.ence of lateral tensile interaction stresses. 

It has been pointed out earlier that the elastic ccno'tants 
of the constituents must be controlled for crackfrc-c brick.vork. 
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S) Elastic constants of brickwork dcscr’^'c r;orc 
at’ccTition. In particalar the values of I*’", have been riven 
s e ant at t ent ion, 

9) In particular the orthotropic nature of brick- 
work requires special attention since the values of E obtained 
from tests parallel and perpendicular to bed joints have 
been significantly different, iiarthemore the results 
obtained by the author are in contradiction with the theory 
of c omp o s it e mat er ial s » 

6 . 5 Laboratory lest Results on Walls on Beams 

As the number of variables in a problan increases, 
isolation of individual effects becomes a costly process 
since the H'ornber of specimens to be tested increases en«r- 
Bously, In the case of walls on be.anis sixteen full scale 
tests were conducted and a minimum of four specimens were 
used to isolate the effects of each variable. 

Keight-span ratio, mortar strength, size and locati^in 
of openings and nature of loading, tensile and coapres'^ive, 
’’.'here the several aspects isolated. Ihe following observa- 
tions are cf interest. 

1) Yerticol stresses concentrate tawai’ds supports 
and lateral tensile stresses concentrate in the supporting 
beams. Iht- wall is generally in compression. There are large 



vcrti 23 '; r*.ra:.t,s on either side of operange. There are 
Tcrtical tercile strains at the mid- span of -.valis on beans 
and the bran and the wall separate at interface. 

2) Cracking in the supporting beans and in the 
briefcverk is quite extensive as the load is increased beyond 
50 perernt of ultLnate load. 

3) Interaction is narginal (if any) in the case 
of tensile loading, and direct leading of the supporting 
beams results in immediate separation of brictavork and the 
beam. 

4) Interaction is poor in the case of 1i8 and 
1:10 mortars used in compression specimens. 

5) Interaction is to be neglected in the case 
of eccentric openings; central door and \:'indow openings 
are not let rimf-ntal to successful interaction. 

6) The dciloeticii curves sho^v distinct non-linearity 
due to '‘ruvking. 

'7) As p.r ^Tie rcunorical evaluation of interaction 
attention must be r.:strict.. n to compressive loading, in 
spccir:e:n t.adt of 1:: and 1:5 Cvol’umc- proportion) mortar 
with v;ith central openings. Hie safety reserve over and 
above that of the plain R. 0, beam ranges from 1.C for the 
plain bear, tc times that value for walls on beams -with 
H/L ratio of 0.90, This may be contrasted with a factor of 
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12.0 i^ufrtrtcd by R.H. Wood (G 21 )« 

8) Extonsive cracking at ultimate loacr prevents 
the fu.l interaction from being utilised in practice. The 
ser’.'icc load must be about one third (33.1/37, of the uiti» 
mate load to prevent cracking at service loads. 

9) H/l ratios of 0,52, 0,68 and C.9 show more or 
less similar behaviour in compression loading and hence a 
miniEum height-span ratio of 0.50 is suggested for inters 
action effects to be incleided in design. 

6,G RcconricndatiQns for Design 

In spite of extensive experimental investigations 
conducted all over the world, design recommendations have 
emerged only from the Building Research Station, Sigland, 

(G 23), Tne author of this thesis has been looking f«r a 
theoretical basis and the finite element method of analysis 
has been used with some success in the elastic range, !rhe 
BIS rceormendations are based cn experiments, 

Based on critical compressive str:sses in the mid-span 
cf supporting beams the author has been able to relate 
service loads with the heigiit-span ratio for the problem 
studied by him. The concrete in the supporting beams has 
been assumed to have a cube strength of 200 Kg/sq.*cm, Other 
variables have been eliminated on the basis of experimental 



288 


i nver, i..i ti DnG and coripu*. *,t simalat i-^n, a3 bcio'": 

, 1) Any load coninr 'iircctly on tnu cU-^r-ortir^T 
bc^ainn r.r’v deemed to be tc-nsilc in nn’^ure on the brick- 
v.'allG a^id in such cases experimental inv-^stigrtions have 
indicatec nc.^lieibi.: interaction (Tabic 5.18). 

2) Weak mortars, 1:8 and 1:10 by yol;ne are 

4 

neglected from consideration on the basis^pocr load-response, 
cracking and ultimate capacity (Pigs. 5.42, 5 . 24 , 5,25 and 
Table 5.15). 

3) Eccentric openings have been eliminated because 
of poor interaction, cracking and load-response characteris- 
tics (Pigs. 5.43, 5.27, 5.29 and Table 5.15). 

4) Central openings have been included on the 
basis of finite element simulation (section 4.3.2). Central 

openings have a tendency to reduce mid-span moment and hence 
the 3tre:'5irs in supporting beams. 

riic service loads on walls on beams of the dimensions 
tested cy the author are given in Pig. 6.1, based on allnw- 
•abie str'.,u'os in concrete in the supporting beam, The following 
observat ior-s ao’e made: 

1) The service loads are linearly related to 
T he h. : 1 r: h" -rp an rat i o s . 

Crahrlnr in a media such as brickv;ork arises 
■ •uc lo'jr.l fl'/.vr, nrnh: mcgcncity, poor construction etc. 
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ana thr- fir^t crack loads observed fror experiments fall 
in a croad region. However, the propcsei design leads axe 
on the safe side with respect to cracking. 

3 ) Since the first cracks are local in nature, 
mainly in the supporting beams, adequate safety against 
cracking in briokv.-crk has been observed in the laboratory 
in all these cases without exception, The safety factor is 
in the order of 1.2f^ against cracking, 

4) iJltimate loads rise sharply in the cases of 
H/L O’’ 0.31, 0.68 and C. 90 . It is clear that H/L ratios 
less tihrx 0.5, should not be considered for benefits of 
interaction. In effect these are shallow beams, 

5) Ultimate loads in the case of central door 
openings are not as large as in the case of plain walls 
and walls v.dth central v/indow openings, 

6) Even 1:5 mortar (by volume) has poor perfor- 
mance .-.u ultimate loads. It is suggested that 1 cement ; 3 
aand or cq'-iivalent cement/lLm e/sand r^srxar be used in walls 
on beams when interaction benefits are considered in design, 

7) ^abject to the above restrictions the author 
reoc.3rendations for service loads, on the basis of critical 
stresses in the mid-span, have a safety reserve in the 
order of ;,14, 2.5, and 2,2 for H/L ratios of 0 . 51 » 1,68 and 
C,52 oviri with central openings. 
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it nv, rt-nainr to the author's rac^'tr'.rc.it ion 

;7ith ti.'. of the Buildin*? Rent-aroh Station, Sn^tland (1 2"^), 
2he3C rf'-ornendations are sumaiarised belov/ ai'.d shouli be 
reaa in cr-n.lunction with Fig. 6.2. 

1 ) Since the support regions have large stress 
concentrations in •'.'ails on beaTas, a stress concGntration 
factor ‘i* has been defined v.'here, 

„ _ I 
" " 2x 

2) The bending moment an:/ where in the mid-span 
region is given by, 

„ WL W X _ Wx 

=22'T 

„ 1 *1 X 

which leads to g' ~ ^ 

or stress concentration factor G = K/8 
bending measent factor K = 8G 

stress block extent x/l = 4/K 

Ihir- meaiis that the bending moment factor an: the 
stress block and the stress concentration factor have typical 
values such as is given in the following table: 

S yJL 3 

o 1/2 1 No composite action 

12 1/3 1.1/2 
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24 

1/6 

3 


48 

1/12 

6 


100 

1/25 

12.1/2 

Maximum allowed composite 
action. 


It caji be clearly seen that to make use of maximum 
composite action the wall must be understr eased as a whole* 

Now these must be related to maximum allowable stresses 
in brielovork, for uniformly distributed loading and concen- 
trated loading (girder bearings etc,). These are 

= a basic stress related to strength 

fp = an allowable uniformly distributed eompressi-ve 
stress 

f^ s= an allowable maximum stress for a combination 
of uniformly distributed load and concentrated 
load. 

The code gives the following relationship: 

f^ 1,1/2 f-j^ for local concentrations 

fp = where P is a stress reduction factor 

for slenderness of wall. 

Also in practice if the actual average wall stress 
is less than the allowable a reduction factor tl, 

namely f^ = R,P.fl^, 
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Talcing advantage of tlie local allov/alle stress 
concentration factor, then the stress concentration factor 
0 mst he given "by 


^ ■'•Vs fi, 


i#e# 

C.R.E.f^ :[ 1,1/2 f^^ 



0,R.E. If 1,1/2 


leading to R,!*, } 12/K 


or 


(1) 

where 

the design bending moment is Wl/K* The following 

examples illustrate the application of 

these rules: 

Example Type of wall Re(5.uired moment of resistance 

for beam design, ML/K 

(a) 

A ’squat' wall (slenderness 
ra,tio =6), and stressed to 

WL/12 


code limit, F = 1, R = 1 


(b) 

A slender wall (slenderness 
ra,tio of 18) fully stressed 

F = 1/2, R = 1 

Wl/24 

(c) 

A slenderness ratio of 18 
and only stressed to one half 
of allowable stress, F= 1/2, 

R = 1/2. 

WI/4S 

(d) 

Same as above but stressed 

WT/96 


only to 1/4 of allowable 
stress S' = 1/2? R =l/4-. 
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Interpretation of the above* rules for the cases 
tested by the author requires the following computations t 


H/B 

Effective 

thickness 

Effective 

hei^t 

Slender’- 
ness ratio 

E 

^■p = 

0.52 

11 cm ■ 

154 cm 

14 

0,67 

6,7 kg/ sq.cm 

0*68 

1 1 cm 

206 cm 

19 

0.49 

4.9 kg/sq.cm 

0.90 

11 cm 

281 cm 

26 

0.44 

4.4 kg/sq.cm 


f-l^ = 10 kg/sq.cm, for brickwork of 100 kg/sq.cm, ultimate 
strength. Assuming that the wall is fully stressed to its 
capacity, R = 1. But author^s proposed design loads are such 


as to yield the following values of R : 


H/I 

Allowable load 

R. 

E 

k; = 12/(r.e) 

0.52 

7000 kg/metre 

0.64 

0.67 

28,0 

0, 68 

8250 kg/metre 

0.75 

0.49 

32.5 

0.90 

10000 kg/metre 

0.91 

0.44 

30.0 

The 

interaction factors 

! as per the 

British Practice 

and authors recommendations are as 

b elow s 


H/1 

Interaction Eactor 

(11/8) 

Interaction Eactor 


British Gode 


(k;/ 8). Author *s 




recommendations 

0.52 

3.5 



2.2 

0.68 

4.0 



2.5 

0.90 

3.75 



3.1 



It is necessary to point out that the author has not 
found the support stresses to be critical as assumed in 
British Practice, and on the other hand the mid-span stresses 
govern the design. It is thus concluded that author-? s recom- 
mendations are conservative as per British Practice, However, 
there is no empiricism whatsoever in the author^s procedure. 

It sinply uses the allowable stress concept which is rather 
familia]-- to engineers. Now that computers are being extensive- 
ly used, briclwi^alls on supporting beams may be analysed with 
or vjithout openings using the finite element method and the 
design of supporting beams can be done using the all«v/able 
stress concept. Such designs are bound to have adequate safety 
margin against cracking and ultimate strength as demonstrated 
by the laboratory tests -of the author... The time has come when 
empiricism in design could be minimized considerably and this 
has been the aim of the author in undertaking this thesis work 

^•7 Proposed Extensions for further Research 

The following recommendations for further research 
are based on the findings of the author reported earlier in 
this thesis, 

1) Brickwork itself has a large safety factor^ 
assigned to it, namely 10 as in British Code. The strength 
and porosity of mortar have been identified as the primary- 
factors influencing the behaviour of brickwork, furthermore 
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the brick laying process itself deserves attention in terms 
of quality control. Ihe elastic constants of briclovork 
deserve further attention from research works. Ihe benefi-. 
cial ro.le of computer simulation has been identified. [The 
theory of composite materials is a good starting point. In 
addition, failure theories deserve greater attention. It 
should be recollected that the author has pointed out the 
importance of non-homogeneity at material level in generating 
perturbation stresses, which are no more secondary in nature* 

2) Three dimensionail tetrahedral elements should 
be used for the study of composite material such as concrete, 

3) The computer programme developed by the author 
(which has been appended to this thesis), incorporating auto- 
matic generation of nodal connections, nodal coordinates, 
openings, reinforcements in the supporting beams, tracing of 
local failures and stress redistribution must be tested further 
in larger computers in the inelastic range and could then be 
used for generation of design charts and for further studies 

on the influence of various parameters. 

4) Author’s introduction of nonhomogeneity, aniso- 
tropy and randomness at material and structural levels could 
be used effectively for probabilistic studies and optimal 
design of walls on beams. 
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OHIPTER YII 
aOIIQlUSIOMS 

The following conclusions may he read in conjunction 
with the critical evaluation of results presented in the 
previous chapter, 

1) Beneficial interaction between brick walls and 
their supporting reinforced concrete beams exists under certa 
restrictions, as per the experimental investigations and com- 
puter simulation studies undertaken by the author, 

2) Any load that comes directly on the supporting 
beams, does not benefit from interaction since the supporting 
beams and the brickwalls above, separate at the interface. 

3) Boor and window openings which are nearer to the 

supports generate large stress concentrations in masonry and ! 
result in premature failures, i 

4) Weak mortars result in separation of brick layer 
at mortar joints and thus prevent full interaction, 

5) Pull interaction exists in the case of walls ohi 
beams with compression loading on top of vi/alls and with door; 
and window openings centrally situated, provided they .are 
built with relatively rich mortar of 1:3 proportion by volumi 

6) The primary variable which influences the interf 
action in walls on beams is the height— span ratio, A linear I 
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relation exists betv'/een the allov\?able compression loads on 
such structures and their hei^t/span ratios. 

7) Computer simulation studies have shown that the 
flexural compressive ' stresses in the mid-span of supporting 
beams are critical rather than the stress concentrations at 
supports, in the elastic range. 

8) furthermore, the presence of central door and 
window openings have been shown to be beneficial in reducing 
the mid-, span stresses in supporting beams, by the computer 
simulation programme. The loads are transmitted more towards 
the supports thus reducing bending moments in the mid-span 
region. 

9) A finite element simulation programme has been 
developed to incorporate automatic generation of nodal. conn- 
ect ions' and coordinates, reinforcement in the supports, open- 
ings in walls and to trace local failures such as cracking, 
crushing and yielding. The complete load-response curves could 
be traced realistically using incremental- iterative methods 

of analysis from zero-load to failure, 

10) The beneficial role of computer simulation methods 
in isolating the effects of several variables, associated 
with Walls on beams has been established. A substantial portion 
of the mone 3 ?- no'w being spent in laboratory investigations can 
be profitably diverted to computer simulation studies. 
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11) At the material level, nonhomogeneity, aniso- 
tropy and randomness in material properties T/hich characterise 
the behaviour of brictoa'alls before and after local failures 
have been Identified by the author as important variables. 

12) Based on finite element simulation at micro- 
mechanical level, author's simulation of a. randomly arranged 
concrete like material has shown the, validity and limitations 
of the theory of composite materials which are detailed else- 
where, in this thesis. 

13) The parameter ^ which relates the 

elastic constants of the constituents of brickwork has been 
identified by the author as important for rational design of 
brickwork* Throu^ a proper choice of mortar, if this factor 
is kept close to unity, interaction stresses of critical nat- 
ure (which generate vertical splitting of brickwork under 
compression) can be minimized, resulting in crack-free brick- 
work under service loads. 

14) The interaction stresses which arise due to non- 
homogeneity are essentially flexural in nature and may be 
viewed as perturbations on the solutions obtained from con- 
ventional ■ theory of elasticity using the characteristic assum- 
ption of hom.ogeneity. These local flexures arise due to mortar 
joints in brickwork and 'uniformly stressed brickwork' is a 
myth, Furthermore corners of bricks are critically stressed 
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due to stress concentration effects on a hard inclusion such, 
as hrick in a soft matrix such as mortar, fhese perturbations 
may be gimen a rational basis if studied throu^ micro-polar 
elasticity (B.]). 

15) While the author’s studies -en interaction between 
brickwalls and their supporting beams indicated a safety 
reserve of 2.2 to 3.1, the recommendations of the Building 
Research Station, Engla„nd indicate reserves of 3.5 to 4»0* 

16) Ihis small reserve obtained throu^ this broad- 
based study, may be compared with the safety reserve assigned 
to plain brickyi/ork which is in the order of 10, because of the 
poor quaJ-ity of brickwork itself. This certainly is a sad state 
of affairs, considering that a large volume of construction 

in India is based on brickwork. Perhaps brickwork, by its very 
familiarity, has been deemed to be unexotic for advanced 
research in various research prcaoi sat ions. 



302 


’7*1 Recommendations for Further Research 

Based on the knowledge gained by the author in 
his study of the problem of walls on beams, the following ■ 
areas of research m&j be recommended for future investigations* 

1) At the material level the author has investi- 
gated the effects of elastic constants for brickwork* Recently 
Sahlin (B 18) has come out with a comprehensive list of vari- 
ables which characterise brickwork and these variables deserve 
experimental study and computer simulation. The variables are 
as below 


Xi 


workmanship 

^2 

= 

strength of bricks/b looks 



strength of mortar 


- 

brick/block size 


= 

workability of mortar 

^6 

5= 

water-retentivity of mortar 

x^ 

= 

suction 

^8 

— 

gradation curve of sand 



density of mortar 

^10 


density of blocks 

^11 


load eccentricity 

X12 

= 

evenness of block/brick surface 

^13 


curing 

^14 


modulus of elasticity of blocks/bricks 
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*15 


modiaus of Rusticity of mortar 

^16 


creep 

*17 

s= 

shrinkage 

^18 

= 

tensile strength of hlacks/hricks 

*19 


tensile strength of mortar 

^20 

= 

bond strength 

*21 


thermal expansion 

Xp2 

= 

Poisson* s ratio of blocks/bricks 

I CM 

= 

Poisson *s ratio of mojrbar 

^24 


coring 

*25 


v/etting 

^26 


_ temperature 

^27 

= 

relative humidity 

OD, 

CM 

= 

masonry pattern 

(Ts 

CM 


additives 

o 

= 

maximum particle size. 


In addition, the settlement of mortar under progressive 
compression must he added, 

2) Ab adequate failure theory for hriotoork must he 
developed* 


5) The author has recommended that the parameter 
E V / E r-K must be kept close to unity to minimize criti-. 
cal interaction stresses. This must he verified hy experiments 
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4) Gn optimal design of "brickwork can be attempted, 
on the basis of cost of brick and cost of mortar with a 
penalty cost added on the basis of detrimental interaction 
stresses in tension. Computer simulation studies can be made 
to evaluate these interaction stresses, 

5) A three dimensional finite element programme with 
rectangular prism elements could be undertaken for the study 
of the behaviour of briclovork under various types of loading 
such as compression, flexure, shear and torsion, 

6) Complete stress-strain curves for brickwork could 
be obtained using the incremental-iterative method of analysis 
programmed by the author. 

.7) At the structural level, combination leadings such 
as compression at the top of wall, direct tensile load at the 
bottom supporting beam and lateral loads in the plane of the 
wall should be simulated and interaction curves should be 
obtained, 

8) Bond-slip between brick-wall and supporting beams 
and brick layers themselves should be included in the study 
of walls on beams, which the author has omitted. Bor this 
purpose the bond-slip element developed for joint ed-rock (B 7) 
or the linkage elements developed for interaction between 
R.C, Frames and Infilled Panels (B 8, B 11, B 14, B 17) could 
be used# 
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"by G-irija Vallablian (D 6). 

16) Lateral loads perpendicular to the plane of the 
Wall under static, d3mariiic and blast effects could he studied 
experimentally and throu^ computer simulation (L 15, D 17)* 

17) Subject to the availability of larger and faster 
computers than the IBM 704-4- computer used by the author, brick- 
work properties could be assigned in a random manner as 
programmed by the author and probabilistic studies could be 
undertaken. Since workmanship in brick-masonry is rather diffi- 
cult to control, we must learn to live with the variation 
inherent in brickwork and all that could be done is to «btain 
bounds for the behaviour spectrum and their associated proba- 
bilities. 

18) Besides conventional brick masonry, cellular blocks 
sulphur mortars, cavity walls, hollow block masonry deserve 
further study, 

19) Possibilities for precasting entire brick-panels 
with appropriate machinery to vibrate the mortar could be 
explored,. 

20) It has been shown by Gross and Likkers Cc 19) 

that there is very little agpeenent betv^/een various code I 

formulating bodies on the s^ssignment of allowable stresses i 
for brickwork itself. Reexamination of various codes on basic i 


brick*'/ork must be imdertaken 
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20) The author is not aware of any code of practice 
for masonry walls interacting with their supporting beams 
and the existing state of knowledge is such, that guide lines 
could be given for the design of wa,lls on beams as recommen- 
dations, if not in the form of codes. 

21 ) Generation of design charts could be undertaken 
for elastic analysis and design on the lines indicated by the 


author. 
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PLOW CHART FOR FINITE EIEMSNT SII-IUIATION OF THE BEHAVIOUR OF 
BRICK WALLS ON REINFORCED CONCRETE BEAMS. 


I START i 

V 

I A ssig n, AX, aF I 

I 

^ Read, load vector number, type of | 
plane stress problem, degrees of j 
freedom, No, of cone, loads, No, of j 
boundary points, No. of rows, nodes j 

j in a row, elements in a row. ! 

t ^ ' 


Read material property set, 
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/ ^ 

I Road and print boundary 

i conditions 
i 

t 

» 

[ Road and print partition 
1 details 
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Compute stress and strain state * 

at beginning of lead incre ment. 1 

„ 

Compute geometric a.nd material j 

data for each element i 

^ — j 

CALL eldment stiffness routine ! 

FEM for computing, ordinary 5 > 

cracked or elastc-plastlc | 

stiffnesses : 

Compute pseudo forces for I 

critical elements and | 

i ncrement the load vector . | 

M 


Assemble total stiffness 

matix I 

4 

Introduce the reinforcement j 

stiffness In proper location [ 

Introduce prescribed displacements! 


Write tape(3) partitioned j 

stiffness matix i 

^ 

^ 

GALL SOLVE routine for 
tri-diagonal solution of 
displacements 



CALL STRESS matrix routine I 

for printing cumulative 
displacements, computing 
Incremental stresses and 
identifying critical elements | 
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I 

Cumulate the stresses , strains j 
and compute principal stresses i 





328 


FORTRAN PROGRAMfE 


£JDB CE.^09T,TJMEDS<?,P^G;-S020ti^AMi Po PORUSHOTHAMI^NJ 
£IBFrC HAIM QgCK 

DIMEMSI0^4 XrMC:{2L0) jYINC{ 20 )fD( 3 , 3 ),BA(Ss&)*SB(B),PBU) 

D IMEMS I DM K( 120 s 2) s Xi (1 12) s NF ( s M * t ) t BV ( , 2J t MODC 200,3 ) 
DIHeMSIOH MEPC^OO) s AN(20d) ,THICK{ aoo) » £1 (S) , E2{ 8 ) , PKST) , P2.{ S') 
OIMEMSIDM Gi(8-) ,f^TART(2(3) ,NEND(30) ,NFIRST(2iS ),MLAST(2-0} 

D IHg M S I DM UL 0& D ( 2-40 ) s Rs I N { 6 , G ) s D I SP ( ) , STSL( 100 * & ) , I RC ( 20 O) 

C OHHQM C( G j 6 ) T DB A( 3 , G h DB { 6 ) , A( 4 , 6 ) , B( 3 ; &) , ST( , 100 ) , Ut ? 40 , 4 ) 

CALL FLUM{ 3 L 200 ) 

31 FORMAT OjAc. 2 Fi 6 ot) 

32 FORHATtlH ,!^MPARTicI-f-,» MP0IN«-I4,«- h!SLEMsJl4<; * NC0LN*I4; 

4!?- NP5>i4f, c- J*FRES5I4,?£-NC0MC&I4,//IX,&£DDRDIK>A] :iSs) 

33 FORMAK i4-j IFlOcX) 

34 F 0 RMAT( 4 (J!-I 4 r 2 FS-cl 4 l 3 j » C «•)) 

F 0 RMAT( 7 FI 0 »a.) 

36 FaRMAT(6( I4r2F7,, 2.,s* C »)) 

37 FO.RMAT('3l4t3F;l0..2s2.I4) 

F 3 RMAT{ ^Elfee^) 

C er-i&s R:tADIMG/G': M":RAriON ffF DATA 

DO 20 1-1.53 
10 XI'4C{n=7Ai? 

03 M l =:4?t 
Zl XIMC(I)=I0kO 

D O 12 I L'y 
IZ XI.MC{):)=5-'0 

03 23 I^L^IO 
13 YIMC{I)=4-Qd 

03 24-1 5 If 

24- Yi'ic;(i)=3ft.*^ 

YIMC{J.)=Z-f 
YIMC(6)==2.' r 
YJMC<T)=9.vO 

YiMcti 6 )= 5 ‘t a 

READ 3l,MCiaLM,NP,HFRE'E,NB0UM,f'iC0NC,NR0Wv MQDEiMgROW 
WR I TlS ( 6 , 3T ) MR 3 W , N ODE, N £R OW 
03 IS99 i=l,E 

READ Br,E'l<n,E:2.(I),Pl(T),pp{I) ,GE(I) 

1099 PRIMT 3»,E1 {n,E2(I),Pl(X),P.2(I) ,GS(I) 

AS=0.78f4 

ES=2t lE+OG 

XXI S=3c 14/64-0 

HPART=NRaW 

NPOIM=f'iROW&MODE 

M f~L E'M= < HR 0W“ i. ) M0R OW 

HRlTE(4s32) NPART,MPOIN,MELrM,MBOJN,MCOLN,NP,NFRgI,MCOfsiC 
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C . /\UrOH|f\TIC GrMEl<^a’i □^4 OF NODAL COOROIMATE! 

DO 2er I=lr.M3Dr 
Zb x(i,z)=&c.o 

DD 30 L^Lft-ROW 
KK=L -1 
I=KK?-NODe+L 
x(iti)=Oj 0 

IF(L*rQ&t) so TO 123 ^ 

IV 4 L=X=NODr 

X { I S S 3 =xn V 4 L tZi +YINC ( KK J 
1234 DO m «=Z^N 3 Dg‘ 

J = I+M-l 

X( Jsi)=X( J'lv L)+XINC{MM) 

IF( LcEQcI) SQ TO 30 
4 VAL=J-r 4 QDg 

Xt JtZ)=X( JV^L,Z)+YiNC{KK) 

30 CO'JTINUi' 

tIs{K<I,J> jJ=jU,S),i:=lf MPOIN) 

C & c-s-is-sE- AUTDHAnC ON OF NODAL CONNECriON 

NROS=NROW«l 
DO 4i M=1,NR0£52 
n. = NikOW^-(H = l) 

L = 6 

DO 41 M==is NEROW 

i=i:£+M 

L=L+l 

GO T0(4Zs sL 

42 NOO(I,i) = {M-L):>NODl=+N/E+l 
NaO( Ij 2 ) = (M> 1 )k 4 ! 0 De:+N/L+Z 
NOD( Ifai==Mi:-NODf+N/Z+i ■ 

GO TO 41 

43 n:d{i*l }={M=i:)fNooe+N/?+T 
N00(I,2) = M:i-N0Dg+N/;o-;u 
NDD(l 53 ) = MK-^ 0 DEr-H\!/.. 

GO TO 41 

44- N00{ = r.N0D::+N/3+j(. 

NOOt Isl)--M&N0D6+N/Z+Z 
NODI I ? 3 ) = M»MrjDE + f-4/Z+.l 
GO TO 41 

44 L =0 

M0D(3-rl} = { H-llsMODE+N/Z 
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M0D( I,3)=M35>^aDE+N/a+L 
41 COMTINiUE 

D3 51 M=ZsNil3ScZ 

II = NfROWs-(M*l) 

L=(S 

D'3 fl H==ii- MfROW 
!=I1+:^ 

L-L + l 

g:i td (52.i5%5 S-4,5r) sL 

fl NOD(Isl) = ( H=l}KN0DE+;si/2+l 

NOD { 1 , 2 ) =M»Nr]QC+N/2_+a- 
NOO (1,3) =--M::'WDr)E+N/iL+l 
GD TO 51 

5S N00(I,l) = {M = i)sM00r+M/2. 

NODC = ) -NODE^-N/Z+I. 

N0D(Is3 ) = M»^! 0064-14/2+1 
GO TO n 

H NDD{l5l) = {M-l)!^.M006+N/2+i 

Moot 1 , 2 ) = ( M-l ) .'; r4 0DE:+N/2L+2 
NOO(Is3) = M».MOOE+N/z+l 
SO TO 5-1 
fS* L=0 ^ 

N OD ( 1 , 1 ) = ( M=i-) ni OOe+M /2+i 
NOD( l52)=M&N(it)e+N/Z+J 
NOD{ 1*3 )=MBNQDg■+^4/2 
51 continue: 

c 6&&£- PROP^RTISS DF CDNCROfO 

DO 4D& r=i,l92 
AN{I)=0-0 
THICK( I )=lf50 
450 N6‘P{Z) = L 

C RANDOM PROPHRTI’S OF BRICKWORK 

DO 40l I=193*NIL£H54 

AN(I)=0eO 

THICKC I )=llcO 
^KK=RNDYl{K) 

III =XX!SCs¥-3c 0+2-0 
NEP(i:>=iii 
NEP(I+L)=J,ii 
Nep{X+2)=in 
Ngp(x+2.]=n): 

401 CON TIN ue 

WRITl*(6*a4) (I » (NODCI, J) sJ=is3) jANCHtTHlCKC I) * NfP( I ) , I = i , N€LEM) 
C B0U^4DARY CONDI TIDNS 

DO 5^t I = 1*.S!B0UN 

RE^iDCr? 3T) fNFd) jMBdiDsNBir *2) *BV(I,1),BV(I,2) 

501 WRire{6*3r) NFCD ,NB(I*1),MBCI*£)* BV{Isl)tBVCi*2) 
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S-OK-S- P&RriTIDM DHTAILS 

DO 60 I=ltMP4Rr 

Rr40(5"j3t) MST^RTCDsM^NDd) s!S!FIRST(I)»NL&ST(I) 

O WRITt(6,3]t.} M£T&.RT{r)»MEND{I),!'4FIRaT{nsML.^f.T( I) 

&-:-.£■& IWIFI&L LOADING 

NPOIN2.= NPOm*^ 

DO (§01 S=JLsMPQIM2. 
ai uload(I)=OcQ 

DO 69 J=^itM:3LN 
DO 68 I=liNPDlN2: 

^ uajvi)=G‘0 

DO 63 I=isNODMC 

RE4D {rs33) KaJ(2^>I<-lt J),U(2.»Ks J) 

ULOA^)(0:^;■K==i ) =u(2.i;K--isl) 

UL0S.Dt^^K)=U{3.c-K,l) 

9 WRIT\“(6s3S) K5U(2;--K«*1 i J)fU{2;:^Kf J) 

«.;c.&!0 e-:v<>r. LIMITING STRE^SgTS 

REA D 35'f C M A KT ? Zm KC » B M i B MA XC , 5 j S M C 

PRINT 3rf CM.AXTvCMAXCs BMAXT* BMAX8»SMAXTr SMAXC 

•s-p-'ri;- INITIALIS'^ 

OPDP=OcZ 
RfrflND 4- 
SIGK=©tO 
SIGY=0c0 
SIG-'CY=5oO 
EX=OiO 
EY=0cO 
EXY=i53, O 

DO 836 D=lsNELeM 
IRO{I)=B»C) 

DO J=I ,6 

ser sTR(isj)=OiO 

^86 WRITE (4) SIGK{ SIGYs SIGXY,,£7UEY»EKY 
DO WJ I=IjNPOINZ 
S07 DISP(I)=OcO 
JD.ND=0 
iTeR=:0 

ASSfMBLY OF STIFFNESS MATRI X/PSTUOD LOADS 

8^ CONTINUE 

ITER=ITgR+L 
REWIND O 
REWIND 3 
INTER=0 

DO 70 II=lsMPART 
RlfWElMO 4- 
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CkLL FLUM{S2.0C30) 

D3 T5' 

D ) 7r 

TfT ST{I,J)=d-0 

MST=NSTART{ir ) 

MEM = NEt^D{ II) 

K='! FIRST { II) 

L=MLA^ST(in 

MISjUS=K‘*-! 

IF( iia;;Qc.i) sq ni 197 ^ 

IR'ihfJ-nSl-l 
DD T5^5" I=is I?vW 

rss RP^D{&) SrSK?Sa:€^YjSiQXYsF^,fY 5 £XY 
157T C'-NriMUr 

DO BO LK=HiST.:h?ENl 

RSliD(4> SIG^^sSI^.YfSrG[iyiEXs EYj l^SiY 
STt=STR(Is.l)+SlGf^? 

STZ=STR (I,a-)+SiqY 

ST3=STR(I^3)+Sf<5XY 

E^l=STR(I^4)-^£^ 

ET2=STRtIi5T+EY 
ET3 = STR(lt&)+rX.Y 
MM=LK-It4T;..R 
DO eS" I=Ii.3 
JJ=MDD(LKsI) 

)m Itll =K ( SJ s T ) 

BT mi*3^)=X( JJ»2:) 

AM3 = f'.!'4(LK) 

TH=THICK(LK) 

J = ^;:P(LK) 

LS=IRC(LK) . 

YMl=|i{J) 

YN|2=EZ{ J) 

PR1=PL( J) 

PRa^P2( J) 

G=<3e(j) 

Ci.LL FE M( Xe, YMi « YMi* PRl * PRl? Gs-ANG, LSjTH* MM, STL , ST2, ST3t D, BA® Z) 
hmk=Z/lzo 

IF(LSckQcO) SO TO mi% 

IF(LSoEQol) GO TO L3t3 
IFtLScEQt.13) SO IT 
IFCLSoEQcIl^) GO TD 1313 
IFtLScEQol.) GO TO 131% 

IF(LScEQcl2) GO TO 
IF(LScEQol^) GO TO 
IF(LScHQcS) GO TO 231 r 



333 


IF(LScEQo4l G3 TL} X51.& 

G-) TO ISIZ 
COMTihiUS 
SZXX~'0cO 
scxz.-^ 

SC,^3=5ce 

S3Ti=SCRL+D( 1 V i ) «eX+D ( i , ^ ) 5?£Y+D { S s'B J ? 

SC:^ ^=SCR2+D ( Zi i ) i-EX+D ( 2 - ^ ) e KY+O < 2*3) JXY 
SC^ 3=SCR3+D( 3s1 ) *E^+D{ 3;* 2) »rr+D B ) s©cy 
SBC l)=STl" $ClRt 
SBC 2.J=STa.- S^'^^ 

SBC 3>=ST3-SS^ft3 
I FC MM 1 Ot-fe* i 3 f,S 5 13 1 7 
t3L7 STR(LKjl)^STRCLKsl5+SCAj. 
STR<LKja>=STR(LKs2)+SCR2 
S'R CLK,3I=STR(LKsi)+SCR3 
STR(LK,it)-STR(LK,^4 + iX 
STR(LKy^)=STRtLKs5)+iY 
STR(LK»d)=SrR(LK4)+^l?7 
DO Bf-7 L=lf& 

PB(L)=0cQ 
03 8ST K=I:*3 

9'S? PBC Ll=PBCL) + BACK,L)*SB{KMiiR2A»Ill 

DO ?f8- J=l,3 
4a=M0DCLKsJ) 

UC2&JJ=l,i) = UC2-£0J-l,lJ4-PB(^&J-l) 
U(2sJ3,t)=Ut3Jt*JJ ,l)+P3(2»J) 

1316 COMTIMUl^ 

IFCLScKQolSy GO TO 231 f 
IF(LSo£DcW GO TO ZMi 
GO TO 1312 
1.31 i- CDMTIMUT- 

SCRi=SCRI+OC 1, I ) «E.1C+D ( I, 2)*EY+D C Ij B 1*®KY 
SCTt=SCR24-0{ 2., I) «EX+D { Z,2) '^EY+D C a.,3 ) ^-fKY 
SCR3==SGR'S+D(^, I ) «iX+D( 3»a-)»eY+DC3s3 ) ^|KY 
SBC l>=SIGK«SCRi 
SB(2.)=SiGY“SCR2 
SBCS)=SIG)(y«SCR3 
I F{ HM ) 1-31- r? l. 3 1 S'. 13 1 9 
1319 STR{LKrl)=STR(LK,i)+SCRi 
STR(LKt2)=STRCLK,2)+SCR2 
SrR(LKs3)=STR{LKs3 )+SCR3 
sn (LKj 4 ) =srRCLK, 4 ) +Ejs: 

SIR (LK,5') =STR(LKs5) + |Y 
STRCLK,^) =STR CLKifel + fiCY 
DS 09 L=ljjfe 
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PB(L)=OtO 
D1 K=l,3 

85S PB{ L)=PB{ L)^-BfUK,L)»SB^K)s^.RfA♦TH 
D3 gSd J=1»S 
JJ^MQDCLKt J) 

u{a^>jj-isi)=u(a.» jj-i,i)+PB{^*T-i) 
>=U(2»JJsl)+PB(^*J) 

It CJMTIMUP 

ir-(LScEQcZl) GO TD 2-3 f,9' 
IF(LScEQo24) go to 2316 
GO ra 1112 
21 If COMTINUr 

IF(MM)l3l2sI5Us2f 17 
2117 JJ=NDD{LKsl) 

KK.=N0D(LKs2) 

U{ 2:?^ J J- 1, 1) = U ( i* JJ *1, 1 ) -247S-?0 
ti { KK- 1, 1 ) = U { 2» KK - 1 s 1) +2^^75e t> 

GD TO l-3f.2 
2316 CONTINUE 

I FI MM ) J.SJ. 2s 111 2.t Z%±d 
2120 JJ = NOD{LKi3L) 

KK=W(OD(LK,^) 

U { 2K- J J « Is i ) = U (1 •* JJ -I s 1 ) +2%7S-:0 
U ( i:> KK“I., I ) = U ( t-* KK -1 s I ) •2.479-:0 
GO TO If 1.2^ 

LSf 2 DO QP LL=2fl 
DO f<f KK=lj2 

I FC NaD( LK I K.< ) =K ) g^Ot 111 , I II 
111 IF(NOD(LKtKK)=L) llZvl32? e«P 
132 H='JFRf«5^(N30IL!<:s KK)"K) 

N=NFRgt«-{ NOD (LK, LL) 'K} 
j;=NFREll»{KK-ill 
J=NFREE*( LL“1) 
iF{N)tdf90Of 900 
906 DO 5 MJ-lsNFRge 
D3 5“ MI=lsNFRer 
MHr=M+M): 

J.MJ=J+NJ 

^ ST ( MMI s NM J ) = ST( M MI s NN J ) + C ( tW t* J NJ ) 
@0 COMTINUr 
C 

%T10 lF{Ildgae2) GO TO lot 

IF( IIcKQ* 6) G1 TO 3o9 
GD TO Zkl 


INTRODUCING R> I NF3RCfcM:iNf STeSL 
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log- 

lo3 








^£>7 

:So3 


Sio 

iu 


IFF=64 

G3 TO jeo 

JIMDKXsl 

INSM=162. 

IFF =192. 

G3 TO 300 

DO 303 t=rNWsn=Fs4 
JJS=.MOD{r»l) 

KKS=MaD( i t2L) 

RLei>5=X{K>CS,i) = X( JJS,i) 

LS=IRC( I) 

C^LL STEgLC JU-£N,A£rESsXXtS?RE:IN,LS) 
DO S03 LL=l,s 3 
DO 303 KK = l,3 

IF( >iDD<ts KK)-K)303 5 30%j30«f- 
IFf NDDt I, KK)-L)3aS‘« 305 - 5 36^ 
M=MFR6‘Ei>(NaD{X5KK) K) 

M=N|FRig£ (NaO(If LL) K) 

IS=NFRiEJ^(KK-f ) 

J'SpHFRfE."{LL-t.) 

lF(W)3O5j306i30^ 

DO 307 i>iJ=L,NFRe-e 
DO 307 WFRlSe 

HMI=M+Ml 




.,=:^+NJ 
Ml=IS+MI 


J J = J S + M J 

ST{ MMX , NN J ) =ST { MMX s MM J ) +REI M ( I MI , JM J ) 

CQMTINUe 

jrMDEX=JIH0eX+4. 

IF( JINOfX^CrTt 7) QO FO 24 I 
IF(iNNoEQ,S4) GO TO 310 
IFdMNoEQ U2) GO TO 311 
Gj to 241 
I MM = 35 - 
IFF=$4 
GO TO 300 
IM.M = lfe3 
IFF =192 
GO TO 309 
DO 280 X=lfH80W 
M=>1F{I)“K 
HM=NF(I)--L 
IF{ M) 280s £4-25 2^2 
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a-if-i I F l M-m ) 2.43 , 2,41 » ^.90 

143 Dj 1S6 J=lyNFREE 

IFfNBd^J ))230?34fj^3G> 

14f NMI=MFREP«-H+J 

ST( NMI I NM’ ) =rr( NMTs NMI I »o lE+lE 

DO 233 JJ^iiMCGLF^ 

J^J=WFRee»MM+J 

2S3 U ( JM J , J J ) =ST ( Nrtr sNHJ. ) : SV{ I * J ) 

130 C^'1TI^^U^ 

2-90^ CDMTI^jUir 
iMTra=Nr'4 

«I = HFREEu-M1‘4US+1 
NJ = MFRECs-L 

IF( II-MP.4Rr) US 

I N4=NFRfi=‘ ( NLAS f { ir +1 ) - MI MUS ) 

GD TO lET 
life NA=M+1 
ill N=WA-M 
MM=M+2 

1?0 WRI TEC 3) Mj M, ( (ST (Is J) s 1 = 1 jM) s J=ijM) f ( { ST( Is J )* I = ljM) i 

1((U(1$ J) stsMI sNJ) sJsisMCOLN) 

RP-^IND 0 
Rg^iWD 1 
REWIND 1 
REWIND 3 

CALL SOLVE t ^^P^^RTs NCOLM) 

Rewl'JD 1 
REWIND 4- 

C4LL STRESS! 'IP4P. Is r-5FIRSTtK'L4STs NCOLX’s MltLSMs MDUs NFRlstr 
iCMR>CCEBM&XTs3M4KC sSMR/'T sSM4XCs H'£Pi AMs DI SPs S I'R* IRC) 
REWIND 4 

DO 6e^4 Is^lsMELfM 

IFl IRC( DcNEcO) 4PNa-^J0ND+L 

fesei CONTINUE 

IF{ JDNDc fQcl) 33 TO fiSOt 
pRi;siT sis-rrea 
G3 TO 

6^a8 D3 6»a9 I=LsHELEM 

RE5.D (4-) SI3)esSIGYsSIG)(YsEX,EYsEXY 
STR( Isl)=STR( i,t)+SIGX 
SIR { i s E ) =SrR (1,2 ) +SIC; Y 
STR( Isl)=STR{is3) + SIG>CY 
STR(Is4-)=STR(Is4)+E)! 

STR{I,5)=STR(IsSr)+lY 
SIR ( 1 ,6 )=STR Cl )+!£KY 


J=MMsNA)f 


NPOIMsCMAKi 
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6810 • 

fetO 

f993 


S>C=STRCI$1> 

SY=STR{Ifl) 

SKY=STR{Ii5) 

Ci^LL PRIM{$;<sSY*SXY,PM«^K»PMIw, PAHS} 

WRITC( is<5&l»} I » < jJ) »J=ls3) »SK*SY«SXYtPMAXt PMlNs PAMos IRC( 

FIRMAT C ^ 4 f 6 F 1 - 2 . ZiA%t If} 

D 3 J=tiJ^CnLM 

03 6a<3 I = lsNP302 
U( I t J)=BPDPs-ULC ^D( I ) 

ITgR=0 


1 } 


PRI MT 899r 

FQ^MATdH ,s-LOAD imRmmT CYCLES') 
63 T3 88S 

ST3P 

EM> 


§99 
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EIBFfC FF'1 DECK 

SUBRJUTINF PRl-Gb AM&s LS sTHi MfU SI QX, SI GY, SIGX^ 

DIMF^ISiaM D(3j:S) vB1;DB^x{ 6?6) pR-CSs^) ? ZXO ) , ZY (?) , Rl( 3f 3 ) 

DIMEMSIOM pr (3) pPTD( 3) ,PPTD(3;5) ,DPPTDi3p3),B4{?»6) 

C QMHOM C ( 6s fe) ,e» BA(»s6) p PB(5 ,6 ) j A(6 * 6 ) s BO, 6) , ST ( IPO 1* U( 2-40, 4 
CALL FLUN(S13;£SP) 

DO m v)=is6 
D8 21- X=ls? 

B { I j J ) —0 f. 0 
B/.( STs J ) =0--P 
DB(rsJ)a,q.o 
21 DBe.(i-, J)=OtO 

D 3 10 1=^1, 6 
Ad, J)=0tO 
BfDBAd, J)=0tO 

20 CdsJ)=5:0 

d:j 11 J=ii3 

D3 11 I=li3 
R(I, J)=0. o 
12 D(I,J)=0fO 

ORSC=--(Xg:(lrl)+XiT 2,i)+Xr(3s,L))s0o3333333 
(3RY--=(KF{l»2)+Xi(2,2)+XS{ ? sP))®0o?33 3331 
DD ri=ls3 
XE{l,l)=K6:(!.,i> -OfRX 
>f xei ifi) =xr( I s 2) -ORY 

ZYIJ )=XK(3*2)-Xt(3,l-) 

ZXl2)=XE(3,4)“Xe (1,1) 

ZX(3)=XeCl,2)-XE{2pa) 

zY(i)=iceC3sU"^xE(i,i) 

ZY(2)=XE(!!,l)-SSEC!.st) 

ZY(3)=Xe(2,i)*Y!£{l,i) 

Z K= X E( 1, t ) i&xe ( 3, 1)*X6( 3 , t ) »Xe-( 2, 2.) 

Z=3.-aEZK 
A(t,i)=ZX/2 
A(2,i)=ZXUI /Z 
A(1,1)=ZY(1) /Z 
A(4p 2-)=A{l,l) 

A( ‘rs2)=A(lsl) 

A(6,1)=A{3,1) 

A(t,3)=ZK/Z 
A(2s3)=ZK{2)/Z 
A{3,3) = ZY(2)/Z 
A(%,4)=A(1,3) 

A(rs4-)=A(2,3) 
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A(^54)=4.C3,3) 

A(lsS^)=ZK/Z 
A{2i5')=ZX(i) /Z 
A(3£S-)=ZY(3 )/Z 
A{^£fe)=A(lT5‘) 

A(5jfe)=A( 2-j?) 

A($j6)=Mp£r) 

B(t£2)=l,tO 

BCS5^)=4sC» 

B{A,6)=l.a 
DO AS mrS 
DO A3 J=l£6 
BA( Is J) =0^0 
DO %% K=i,fe 

23 BAl I* J)=BA(l-s J) + B(S,K)~-A(K* J) 

7r De^' = (ltO-PRt:?PRA) 

0(tst)=YMi/0e!'i 

DClsl)=PRLi*YM2/PeN 

D(ifA)=PR2»YMl/0CH 

D{Asa)=YMA/OffN 

D(Ss3)=0 

-53 IF(4NQ)70t7Aj7o 

10 CS=COS(A^GkO..O ^.745-3) 

SS=SlHU,m^i:dniiS2) 

R(tsd)==CS£»A 

R(2-£l)=SS«*% 

R(Ssl)=SS'XS 

R(isA)=R.{l,t) 

R{l.s2,)=^fL(iti) 

R{3,A)=-R(3,t} 

R{ls3)=;i.;OKR(3st.) 

R{Sls3)=2t0i:R(3,l) 

R(Sv3)=R(isl)-Rt Asi) 

05 lOo J=l$3 
DD 10? r=lt3 
Ri(IsJ>=Ora 
DO loo K=ls3 

too Rt(rsJ)=^{If J) + D(tfK)&R( J*K) 

DO ILO J=l£3 
DO llO I=ls3 
D(i5j)=ec& 

DO Lie K=ts3 

Up Ddr J)=D{IsJ)+R{IiKJsRUKsJ) 

1,2. eo^niNur 

IF(LSoMt"cA.} QO TO 722 

FSIG =SI6X£'SIGX-SI GXt>SiGY+SI GYs-5I6Y4-3^6«-SI GXY&S I G^iY-3d7c lJ>3«7s I 
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IFfFSie LTeSScSl 60 TO 722 
C EUSTO PLASTIC MATRIX OBRIVATION 

515*107*2070 1 

PTU)*(SI6X-SrGY/ic&)/SI6M0T 
P T< =C SI GY- S ISK/2^ £ ) /SiesOT 

P T f S J «3 , 0*S I SX Y/ SI GMOT 
00511=1,3 

PTO(i)»ebd 

00 51 4*1,3 

31 PT0ni*PTDII|4I*TCJl60tr,J| 

PTpP*3cO 

00 52 I=t,3 

32 PT3P=PTOP4-PTD(I)*PT(I> 

03 33 1*1,3 

03 33 4*1,3 

33 PPTD(I,J)=PTCIJ»PTO(JJ/PTOP 

DO 54 1=1,3 
DO 24 J=l,5 
DPPTDCIt4)=0,0 
DO 34 K=l,3 

34 OPPTDf ItJjsOPPTOdfJJ+DdtKIfrPPTDIKfa) 

03 Bjr 1=1,3 
DO 3S J=I,3 . 

35“ DfI,JI=£)CI, j|»OppTD(I,ai 

722 DO 3§ J*I,5 
DO 3P 1=1,3 
DO 3D K*1 , 3 

M DBds J|=08(I,J)4-0(I,K}ttB(K, J) 

D O 40 4=1 5 

DO 40 1=1,2 / 

DO 40 K=l,6 

40 DB^tl, J)=DBA(I, JJ+D8<I^K)»ACK,41 

IF( MM) 126, 124, 127 

I zl COl TI < < OB A ( 1 , 4) , I *I ,3) , J=i , 4) , ORX, O^Y, C I BAt 1, 4 ), I* 1, 2 ), 4*1, &l 

V0L=()c5*TH*Z 
D 3 3 *1 1 4 

DO 50 I=U6 
DO 50 K=l,3 

m 8r')BAII,4)=BTDBft tI,4)*3(>C,I)*DBAHC,4)«Y0L 

DO 6>D 4=f, ,6 
DO 60 1=1,6 
00 60 K*i,6 

80 C{r,4)*C(I,J)-l-A(K,nifBTDBA<K,4) 

RfTURfI 

gMO 
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£IBFTC S'JLV^' DECK 

SUSR'mii'^ SOUVE (!\iF.»RT»NC0Lr4) 

DniEMSION >|fl(5ro,§o) sBNKS'df 50)sYM{jrGs5'O> fTF(5®s4) *^§ {ST&j 4) » F ( S<&» 
DIMfMSIOM J>fSt;5o,4) 

CDMMarl Ci(6,6),D8A(3f i B{ Si &) f s 1 06 ) 

¥QUI VALEMCE^ ( AM{ 1 F 1 ) s ST(1 j it ) ) I (BMd f I ) f ST(t tS"} ) ) s (TF(l» 1 )jUt 1*11) 

Xs(D£S(ls5) sUds'L) },filSCl sDiUtiiS)) I (F(1»1 )fU(J s45) 

C'.LL FLUM{31Ji,00) 

DO 146 X=^1 s-fO 
DO 141 J=ljNteLS4 
TF(liJ)=0-«> 

14-1 RS(ItJ)=A'0 

DO 146 J=1s^ 

iMf YMt Is JJ=0'0 

DO 144 LL=tj WPAf^T 
CALL FLUI*! (32000) 

Rr^D{3) Msf')s ( (AMitl »J) sI=lsM) ? J=lsM) * ( ( BMt Is J) s I^lt M)* J=lj !'i)t 
lt(F( IsJ)iI=l»M)s J=I.,SCOUi^) 
l^-O DD 414f f=liW 

DO 44S J-=ltMCDLN 
F(I s J)=F{Is J)-TF(I. J) 

CALL FLUM(320ao) 

44r DlSds J) = F(Es J) 

DO 424- J=i,M 

424 AMdsJ) =4M(1 s J)-YM(T,J) 

CjLLL MATlMV(4f1sDIS5MsNC0LN ) 

HRITEtl) MsXs ( (A Mtr* J) ! 1 =!,fM) sJ=lsM)s ((BMds J)» li=lsMlsJ=lsN1s 
it t F( I s J ) s r=l , M ) s J =1^ NCUL M) 

IFtMPART^LL) 4-VT 

4S2. CALL MATMtAMsFjDlSsMsMs MCni N) 

CALL MATTMtBMsDI SsTFsMs MsHCOLM) 

DO 116 J=itrJ 
D'J 116 1 = 1 sH 
Y'lt IsJ)=:0'6 
DO im K=lsM 

110 YHtls J)=YM{IsJ)+AM(IsK)«-BM{Kf J) 

DO I if J=lsH 

DO 111 I=l£|Ni 
AM{IsJ)=OtO 
DD 111 K=isM 

111 AMds J)=4 M(Js J) + BMCKsI)sYH(K, JJ 
DO nil, 

DO 112. J=i» M 
id YMt Its J)-=AH(Is J) 

CDMTIMUr 
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4S7 Rr»/rxso 3 

WRITr(^) 1(0 XS(T,J),i=i,m),J=JLsNC0LN) 

IFC^PART-lJ 46 Ot6C>^>{604 
60 i nk=HPkRT^i 

D1 44i LL=iiM 
B/CKSP4Cg 1 
B/CKSPACK 1 

RSADd ) M,N, { (AM(l5J)fX=l,M),J = l,sM),((BM{ I s J) $ I=lt M) , J=i ,,N|) « 
i{(F( If J)tl=l» M)sJ=l. NCOLN) 

CALL MATMCBMs DIS sTFsM, ’«f MCOLH) 

03 44!i J=l5.N!C'3LN 
03 44 4 1=15 4 

444 F( I, J)=F( 1 f J)-TF (It, J) 

C AL L MAIM ( A4 , F f 0 IS t M, NC DLM) 

441 WaiTfd) {(DIS(I»J)*r=:i,M),J=ls NCOLN) 

WRivecetSiD 

55.f F3^MAT(16H RESIDUALS) 

DO 5-Q6 LL=lfHPART 

RtAD{3) MsN, ( (Al'ldv J)t r=3lsM) . J=lrM) s ( {Bi4(I - J) 51=1 , M) , J=l, M) , 
l((F( l5J)rX=l5M)5J=t jhJC0LN) 

FiA^!<^P/.rE ^ 

Re.fe. D( 2 ) ( ( D IS ( n. J ) i r=j, 5 M) f J = 1 , ^»CULM ) 

I F( LLi, n Ec MP ART ) B4tRSPACe 2 
BASKSPACS 2. 

0(2) ( { TF ( X s J ) *1 =i 5 M) s J =i 5 NC3LN) 

D3 5‘f6 J=1 5 NCaUH* 

03 ^lo X=isM 
F(l5J)=F(i-,J)-fe.S{r,J) 

D© K=lsH 

WIZ F(I 5 J)=F{I, J)-AM{rsK>*IklS (Ki J) 

DO flO L=isN 

"fia FCIf J)=F(l5 J) - ftMCXfDKTFILj J) 

CALL MATTMtBMfDXSsRSsNs Mj I'lCOLM) 

WRITe<6,^I ) ( (F(I sJ)sT = I,m), j= nCOL!^) 

31 FORMATdH 5l2E9c£) 

600 COMTINUE 
RETURN 
END 



£XBFTC ST^CSS DfCK 

SUa^OUTXNr STRtGSC NPf,Rr ,NFIR$Ts ML4S T ,NC0LM vNElUiMs NOD, NFR£^,^;4P0I:^ 
iCM4XT,CH4?.G,3mXT,BMkXC,SM^^TsSf'1AXC. WeP,AN,BlSP,Sm, IRC) 

DI'IEHSION MFERSTUO ),NUST(a<i ) ,STR(iieo ,6) ,IllC(Xad) 

DIMiNS XDN }N3D( 206 , 3 ) ,WiP(i.oO) ,>ftN(lo6) ,DI SP (24°) ,BA<3,€) , BD C5s6> 
COMMON C(fi,fe) t OBA(3,6)vOB(3,fe), A{6,4) ,B(3,6) , ST( 5^, 1601 , U( E4<5 ,4) 
CALL FLUNGllOo) 

00 6Q0 II = I,japA.RT 
JJ=vJPA».T-+l-IJf 
M=MFR6E£-{NFTRST(J J)- U+i 
IH=«FRee>MLASf( JJ) 

660 ft.EAO (2) ttUCTsJ) ,I=--M,N),J=3, NCOLH> 

PRINT &SS . 

615' FCRMATdH jJsNODt A OIS Y DIS ETCt:-) 

3)3- FORMAK 6(HrlFB»4) ) 

NPOmi=NPOI)Iiki 
DO 100 I=l,NFOlN2 
766 DiSPtI)=DISP(I)+U(J,l) 

PRINT 32, tr^DISP (2*1-1), DISP(l.s:’I),I=l,NPOI,\l) 

DO ■>0 LL=l,N£'LeM 

RE AO CO) t{03A( J:, J),I = l,i),J=t,6),0RK,DRY,((BA( I,J ),I=a,S),J=l,6) 
DO <20 J=l,NCr<LN| 

DO 420 X=l ,3 
JJ=NOO{LL, I) 

CC2»I-=i, J)=U(2!: JJ-t 5 J) 

620 CC2el,J)=U(22 JJ, J) 

DO 630 J=1,NC0LN 
DO 636 1=1, a 
BD(7, j)=dce> 

DBCI, J)=fleO 
DO 620 K=l.>6 

BOCT, J)=BD(r,J)+BA (r,K)!JC(K, J) 

636 DB(I,J)=OBCI, J)+DBACI,K)&C(K,J) 

W)lITE(4)(DB{I,t ) ,I-l,3),(BD(I,U,I=l,3) 

C isr-K-ifr CHICK FOR VARIOUS FAlLURi MOD«S 

S);=DB(1,1) 

S¥=0B(2rt.) 

S1CY=DB(3, 1) 

SIGK=STR{LL,I,)+SX 
£;)C=ABS( SIR CLL, 4) +60(1,1)) 

SISy=STR(LL,l)+-SY 

si3>:y=str{ll, 3) +-$>:¥ 

CALL PRIM (ST.GX, SISY,SIGKY,PMA>i, PMIN,P&MS) 

IFC NEPC LL) olQoi) G6? TO 3M 
IF(N£P(LL)crQc51 GO TO 331 
66 TO 332 

CONCRETE beam 

33i I Ft PMAXcSEcCMAXT ) ^0 TO 3311 

IFC PMAKc LEofl «>0) 60 TO) 33^13 
IFCI>Co6CcO«0&m GO TO 
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ir:(ll)= G 
G'j T& ao 

3311 wrp(LL)=J5- 
IRC ( L L ) =•! 

LL)=l0Oce -Pf‘.NG 
PRINT ZS^IL 

IF{ lE)<.cSEo0.ODf5) QO TO 
GO TO 20 

3S1 3 F SI G = SI G si gk- s ). s«: & s i g y +5 -o &s i gk y i g?: y ---' cm m Cc- cm 4KC 

IF( FSIGcLTcScO) GO TD 
ir:(ll)=2 

PRINT 39s LL 

IF(EKoGgc0aOOl5) TO Bits' 

GO TO 20 

ISIS IFt LLr,L£c 32) G3 TO 20 

IF( lLcLr:c64) go to 

IF{ LLoLfcieO) GO TO 20 
IF(LLoLEoi9a) GO TO 33L2 

GD TO EC 

3312 PRINT 33s LL 

IF( IRC(LL)c^Qol) GU 10 3316 
IF( IRC(LL)c EQoa) GU TO 3317- 
IRC{LL)=3 

I F ( S I G Kc L T c 0 . 0) IRC I LL ) 

G:! TO 20 

33tfe IRC{LL)=l3 

if(SIGt:sLTc0cO> rate ll) =14 
GO TO 20 

331? I:<:{LL)=a3 

IF( SIGXciTcOsQ) f»C{LL)=a4 

GO ro 2.0 : 

i3R IF{ PMAXc Gl£ BM4XT) GO TO 3311. 

IF( PM^XcLEcOcO) GO TO 332S 

GO TO 20 ■ 

33as F S I G =S I GX SI G X “ S I G x;: S E G Y+S r<i Y »S IQ Y+ 3. 0 I GX Y ^ I GX Y = CM t X C^ CMAXC 
I F( FS IG , GKTc 9-cO) GO TO 3311 
GO TO 20 

3521 IF( NiPlLDsEQ^.!) MFP{LL)=€ 

IF{NKP(LL)^EQr3) lilEP{LL)=7 
IF( M£P(LL)cEQc4) NEP(LL)='& 

AN{ LL)=1?CsO-AI 3 si) 

PKINT iS-s LL 
IRCtLL)=l 
GO TO 3.0 

3522 PRINT SSfsLL 

IRC(LL)=1 I 

TO CONTINUE 

1.0 FORMAT! IH !4l4s2Fl6.E) 

31 FORMAT (4I4s1F10 -4s4x:,«f12s2) 

FORMAT! IH sf4*t c ST^EL HAS YieLOED^J) 

Sr FORMAKLH sI4e» ELEMiNT IS CRACKED^) 

FORMAT! i.H sl4s» ELEM5MT HAS VON MISES FAILURE*) 
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fil.BFTC M^riMV Drc:< 

SU3R:>UTI\iE MATf NV{Af&sW5M) 

Di ^ M s I OM At ^05 f D) 5 B ( fo' 1 4 ) y 1 wde;<( 501 5 - ) f. p I VO n 9 D ) » I p A VO r ( ra > 

eQUIV\L"MO)S" ( IR IWsJROW) » { ICOLUH, JCOLUM) i (aM^A* Ts SWAP) 

C INiriALIZAViOM 

CALL FLUM I'^XCOC) 
iS no to j=ifH 
2.0 IPIVOT(J)=0 
50 DU ffO r=isN 
C SEARCH FOR RTVOT 

AMA^.= 0>0 
45^ DO lOf J=1,N 

IF { IPIVOK J) “D 66 ‘; lafs 60 
60 DO LOO K=;Ui'i 

to i:F(IPiVDTlK)-l)9o,lO0 5?4O 
S'O I F ( ABS { rMkK )-AB S ( A( J sK ) ) ) S'S's lOO s 10^ 

rRow=j 

30 ICOLUM=K 
■gr 4M£X=-A(JiK) 

1.00 CONTIiMUe 
I 0 B CO.'^TI’viUi^ 

ilo IPIVOT(rCDLUM) =IPIVOT{ ICOLUM)+l 
C INn-RCHANGi: ROWS TO PUT PIVOT ELEMENT ON DIAGONAL 

fSO IFtrROW ICOLUM) 

I4P CONTI iur 
JSP DO Stoa L=lfM 
1§0 SWAP=AlXROWtL) 

100 A(IC:)LUMsL)=5W4P 
ms IF{M) 260 1 2:G»0^ 2^10 
lEO DO IfO L=lc fM 
220 SWA?=B{ia3WjL) 

2SG BE ICOLUHfL)=SWAP 

■260 ANDE?({Isl) = nLiW 

170 INOEKdr^J^lCOLUM 

Slo PIV3T(I)==A(iC3LUM, T'-OLUM) 

C DIVIDE PIVOT ROW BY PIVOT TLEM-MT 

330 LdCOLUMf IC0LUM)«L: O 
M-0 DO Sro L=--LsM 

350 A( nOLUMjL) = A(lCnLUMsL)/PIVOT(I) 

SS5 IF(M) S® 0 ? 3h9 

360 DO Sto L=3.sM 

370 BTIC0LUMsL)=^-3{i:GLUMs L)/PlV0r( I) 

C REDUCE NON PIVOT RDW5 

Wi DO fso Ll.=dlfN 
390 IFELi-iCOLUM) 400* SS-O* ^<>0 



T=4(LlsrC3LUH) 

410 4(Lts IC0LUM)=G«0 
430 DO 450 L=l5H 

450 A( LI s L)=A( Lis L)-4<] GQLUMcL) &T 
45'S' IF{M) 5m 550s 46<5 
460 00 500 L=:sM 

500 S<Lt,L)=8(L5.sL) =B{i,; OLUMsLJfiT 

SSo co;\iri MUir 

c iMr=RCHA:''^Ge idlumN', 

^pc DO rf.5 
610 L=\!+l-i 

610 IF ( Lsi. I-iHOEXCl si)) 636 * 710; 630 

JR:JW = FMn£jl{Lsl) 

640 JC-|LUM=I\!Dr/E( LsH) 

65C DO 705 K=lsN 
660 SW‘.?=A(KsJkOW) 

6 70 A 1 K , J R D W ) = A ( K s J : ; ] L U M ) 

700 A( Kt aOOLUM)=SW^P 
7^5 COMTIMUr 
710 coMriHur 
T40 RnTURN 
LNO 



£IBFTC STE£L DITCK 

SUBRliUTI.MK- STEn£L(RLFN,&Sj6Ss>:;aSsRS;I;4s U) 
DIMSNSEOIM Re-IM(6s4) 

CkLL FLU'^(MS6d) 

Dli 15 

DD :L0 J=is6 

td ReI^HIs J)=i5*o 

IFCLScGfc^) Q5 re .11 
Rfel \i(l» l)=iAS»E3/RLrH 
REIM(1^3)=-RE'):»(l9lJ 

REI -rMWS/ (RLErM»RLEN«FaEM) 

RE!i’^{2.f^)=-REIN{2^2.) 

Rgi;.!{Ss3)=3lEJM(ivl) 

RIIHC^s 2)=»R£I.iM{ Is *2.) 

R^I N(4j 4) *=!«5iW(2-i2.) 

GD W IX 

Xt Rll mZvX) =j.2L'£^«ES:i‘'J!:>?'S5/ (RLEKUfRLeVJ^ RLeM) 

R^I K! ( Is 4) =^-R EIM( 2s Z) 

RKZM(^s Z)=-Rr!»*( 24 Z) 

Ri?IN(4i-4)=KSrW!L,Z) 

12 RETURN 

£IBFTC MftTH DECK 

SUBROUTINE MATH { t) sB; OBs LsMiN) 

DIMTNSION DCSOf^ )sB{^Os%)sDB(^C’s4) 

CkLL FlU>l{UX£iO) 

DO tiO J=isN 
DO no IslsL 
DB(!iJ)=4>o 
DO llO K^'l.M 

ilO DB1I iJl=D&( Is J )+■£>{] sK) r-BCK, J) 

REfUSM 

I\!0 

£IBFTC MkriM DECK 

SUBROUTI Nr MkTTH( Ds BsDBsLj Ms N) 

DIMi-NSION DISOsfo )*B(*5'«s4) sDB(5’6 *4) 

CkLL FLUN( ^1,1.00) 

DO LlO J=lsN 
DO ll(y I=isL 
DB ( 1 s J ) —Q c O 
DO liO K=lt.M 

no DBd, J) = DB(Is J)+0(KsI)«-B{Kt J) 

RET-JRM 

END 

£iBFTC PRIM D'sCX 

SUBROUTIMr PRSMISKsCYsSKYsPMkKs PMIN, P.4NiG) 
Cr'.LL FLUM {31260} 

PMAX={ SX+SY) n-ec “ +SQRT{(SX+SY)*^2/^f i6+SXYic?- 
PHIM=(S)'+,SY)e0c ^~SQRT( (S.X+SY)*5&I/4eO+SKY?-* 
P A G = 52. f T AN ( ( P M k K - 5 Y) / S A Y } 

RETURN 

mt> 


H H 
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